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Progress in the field of tissue engineering is largely dependent upon the construction of 
materials that can maintain the mechanical characteristics during the tissue regeneration. 
The work presented in this thesis provides a foundation for the further development of 
long-term degrading hydrogels for future tissue engineering applications.  
Natural polymers; gellan gum (GG), k-carrageenan (kC) and synthetic polymers; 
polyacrylamide (PAAm) and epoxy-amines (EA) are either being proposed or used as 
potential candidates for tissue engineering. This thesis aimed to study the long-term 
degradation behaviour of single network hydrogels of GG (low-acyl and high-acyl) and 
ionic-covalent entanglement (ICE) hydrogels of GG/PAAm and kC/EA. All the hydrogels 
were synthesized using simultaneous preparation techniques and characterized while 
degrading in PBS at 37oC. GG gels show mass loss up to 28 days and remain stabilized 
during the rest of the study period (168 days), whereas kC gels disintegrate within 4 hours. 
The mass losses of GG/PAAm and kC/EA stabilize after 7 and 21 days, respectively. The 
mass loss profiles of GG and GG/PAAm are affected by the ion-exchange with 
surrounding PBS. The mechanical and load tolerant properties of the ICE hydrogels are 
proportional to their respective swelling and mass loss profiles. The mechanical and load 
tolerant properties of GG and GG/PAAm remain less affected, whereas these properties 
of kC/EA significantly decrease with increasing swelling. In enzymatic conditions, 
GG/PAAm show higher mass loss when immersed in trypsin. The mass loss in enzymes 
were attributed to the hydrolysis of glycosidic and amide bonds in respective GG and 
PAAm networks (of GG/PAAm network). The leachates of GG/PAAm and kC/EA 





conclusion, GG/PAAm and kC/EA hydrogels may be suitable for tissue engineering 
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MPa                       megapascal 
3-D                        3-Dimentional 
Ca2+                        calcium ions 
PEG                       polyethylene glycol 
PBS                       phosphate buffer solution 
UV-Vis                 UV-Visible spectroscopy 
FTIR                     Fourier transform infrared spectroscopy 
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ICE                        ionic-covalent entanglement  
DN                         double network 
PAAm                    poly(acrylamide) 
PEGDGE                polyethylene glycol diglycidyl ether 
GG/PAAm              gellan gum/polyacrylamide 
kC/EA                     k-carrageenan/epoxy-amine 
Na+                                       sodium ions 





HAGG                       high-acyl gellan gum 
kC                              k-carrageenan 
-CONH2                                amide group 
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ED-2003                      polyurethane (Mw = 2000 g mol-1) 
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MBAAm                      N,N`-methylene-bis-acrylamide 
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oC                                 celsius 
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md                                 dry mass 
Q                                  volumetric swelling ratio 
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md                                  mass of dried hydrogel 
q                                    mass swelling ratio 
ρpolymer                                        density of the polymer 
D                                   diffusion co-efficient 
nm                                 nanometers 
CD                                circular dichroism spectroscopy 
ATR                              attenuated total reflection 
cm                                 centimetre 
mm                                millimetre 
min                                minutes 
Et                                                    tangent modulus 
σf                                   stress at failure 
εf                                                     strain at failure 
U                                   strain energy to failure 
s                                     seconds 
Hz                                  hertz 
G’                                   storage modulus 





γmax                                                   maximum shear strain 
τmax                                  maximum shear stress 
EMEM                            Eagle’s minimum essential medium 
DMEM                            Dulbecco’s modified eagle's medium  
rpm                                  rounds per minute 
DPBS                               Dulbecco`s phosphate buffered saline 
CGI                                  cell growth inhibition 
v v-1                                                   volume per volume 
kPa                                    kilopascal 
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1.1 Organ replacement  
The loss or failure of an organ or tissue due to diseases or accidents is one of the most 
severe human health complications 1. It is estimated that approximately half of the total 
annual health-care costs in the U.S.A. are spent on treating patients affected by these 
conditions. Available treatments include (but are not limited to) transplantation 2,3 and 
medical implants such as surgical reconstructs (e.g. pace makers for heart) 4,5, synthetic 
prostheses (e.g. neuroprosthetics and prosthetic heart valves) 6,7, mechanical devices (e.g. 
kidney dialysers) 8,9 and drug therapy (e.g. insulin for a malfunctioning pancreas) 10,11. 
These standard therapies are associated with problems such as long-term ineffectiveness 
leading to failure, inability to replace all the functions of the diseased organ/tissue and 
inability to halt deterioration of the patient 12. Transplantation is accompanied with 
additional challenges such as donor shortage 1, postsurgical complications 13 and 
extremely expensive procedures. For example, in U.S.A. alone, estimated transplant 
procedure costs exceed $ 400 billion per year 12,14 with approximately 85,000 patients 
registered on kidney transplant waiting lists (while less than 16,000 kidney 
transplantations were performed  in 2011) 15. In Australia the donation rate is currently at 
11.3 per million population, with an approximate 1600 Australians on the organ transplant 




2 General Introduction  CHAPTER 1 
The scarcity of donors is due to the fact that allografts are only taken from donors who 
are pronounced brain dead, generally being victims of road and cerebrovascular accidents  
17. Yet, average fatality rate of 15% is reported within one year of transplantation, due to 
tissue rejection 18. 
Medical implants are very popular, yet identified with number of complications in the 
host body environment. Hard and rigid implant materials such as ceramic (for bone) and 
steel (for arteries) inherit problems due to “scar tissue formation”   resulting in tearing of 
tissue due to internal vibrations from simple musculoskeletal function  19. Affected 
patients are reported with limitation in mobility. Another complication is, in situ 
degradation of metal implants, which compromise the structural integrity of the device as 
well as possible increases in trace metal concentrations in the host body 20,21. Gradual 
accumulation of bacteria and protozoa in the tissue-material interface (known as 
biofouling), is another observed adverse effect due to interactions of proteins and cells on 
the implanted material surface 22,23.  
The field of tissue engineering emerged in the late 1980s 24,25 and offers strategies to 
overcome problems associated with conventional medical implants and transplants 26,27. 
This field has advanced dramatically in the last 10 years, with the potential to regenerate 
almost every tissue and organ of the human body 28.  
1.1.1 Tissue Engineering 
Tissue engineering is defined as an interdisciplinary field that applies the principles of 
engineering and the life sciences toward the development of biological substitutes that 
restore, maintain, or improve tissue function 12. The traditional approach in tissue 
engineering involves in vitro culture of cells taken from a host and grafting them back 
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for growing cells and tissues (Figure 1.2), is usually needed for the generation of a graft 
which will act as natural extracellular matrices (ECM) found in tissues to control the 
structure and function of the engineered tissue 14,29.  
 
Figure 1.1: Basic principles of tissue engineering (reproduced from ref. 27). 
 
1.1.2 Materials and Methods used in Tissue Engineering 
Many different materials (natural and synthetic, biodegradable and permanent) have been 
investigated as tissue engineering ECM scaffolds, and these can be broadly categorized 
into polymers, metals, ceramics and nano-materials 14,30. Natural polymers such as 
collagen, gelatin, glycosaminoglycan (GAGs), and synthetic polymers such as poly 
glycolic acid, polycaprolactone, polyethylene oxide, polyacrylic acid and polyvinyl 
alcohol are among the popular tissue engineering polymers due to their design flexibility, 
i.e. their composition and structure can be tailored to specific needs 31-34. Ceramics/ 
inorganics such as hydroxyapatite (HAP) and calcium phosphates are studied for 
mineralized tissue engineering  due to their inherent osteoconductivity 35, and certain 
metals are excellent choice for medical implants requiring superior mechanical properties 
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scaffolds since they are resistant to biodegradation and can be functionalized with 
biomolecules 37-39. 
 
Figure 1.2: (a) Schematic of the mechanism of a scaffold in a vascular graft (reproduced from 
ref. 40) and scanning electron microscopic images of (b) a tissue engineered matrix, and  (c) the 
growth of a new smooth muscle tissue while the TE matrix is degrading (reproduced from ref. 41).  
  
Polymeric scaffolds for tissue engineering can be prepared with a multitude of different 
synthesis and assembly techniques. Conventional preparation methods include 
electrospinning, phase separation, gas-foaming, emulsification/ freeze drying, solvent 
casting and particulate leaching, whereas novel fabrication techniques, include rapid 
prototyping, nanofiber self-assembly, whereas 3-dimential printing being the newest 
entity 28,42-44. One-pot synthesis is largely drawing attention as a promising fabrication 
technique of tissue engineering scaffolds. This strategy improves the efficiency of a 
chemical reaction, by subjecting the reactants to successive reactions in just a one reactor, 
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compounds and by saving time and resources while preferably increasing the chemical 
yield 45-47.  
 
1.1.1 Characteristics of Tissue Engineering Scaffolds 
ECM scaffolds have to fulfil a number of requirements: Biocompatibility (or minimal 
provocation of inflammation or toxicity in vivo), biodegradation to non-toxic products, 
ability to mould into complicated morphologies, ability to support cell growth and 
proliferation, adequate mechanical properties, and maintaining the mechanical strength 
during the tissue regeneration process are among the most important requirements 45,48-51. 
Moreover, porosity should be > 90% to maximize surface area for cell-matrix 
interactions, to allow migration and deposition of ECM and support diffusion of nutrients 
and gases during in vitro culture 52. 
Biodegradation of the scaffold should have a controllable rate which allows adequate time 
such that the state between matrix production of the cells and degradation of scaffold is 
steady 28. Tissue engineering products developed so far have more success in either thin 
structure (skin) or tissues that do not require vascularization (cartilage) 53,54. For tissues 
requiring vascularization and more complex structures, scaffolds with advanced 
microstructure, slower degradation rates and higher mechanical strength are required. 
Tissue engineered scaffolds with varying total degradation times (weeks-years) are being 
studied and/or fabricated 55  (Table 1.1). 
Providing adequate mechanical support till the new tissue forms, is a critical scaffold 
requirement. The inherent and post-processing mechanical properties of a scaffold 
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performance, a tissue engineering scaffold is expected to provide a mechanical (elastic) 
modulus in the range of (10–1,500 MPa) 56 and (0.4–350 MPa) 57 for hard and soft tissues, 
respectively. Apart from tensile, compression and hysteresis properties, recent studies 
have shown that stiffness of the scaffold plays a major role. For example, cell types, such 
as epithelial cells, fibroblasts, muscle cells, and neurons responded to the stiffness of the 
substrate and showed dissimilar morphology and adhesive characteristics 42.  
Table 1.1: Duration and patency (clinical state of being unobstructed) of scaffolds that used in, in 
vivo vascular graft studies (reproduced from ref.40)  
 
Despite enormous advances in tissue engineering, including clinical approval for tissue 
engineered skin 58, clinical trials on tissue engineered bladders 10 and grant approval to 
establish a stem cell bank 45, a number of barriers still prevent fabrication of more 
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maintenance of the structural integrity of tissue engineered scaffold and high cytotoxicity 
of leachates, which resulted in poor scaffold performance upon implantation. For 
example, collagen in skin implants 59 has sparked concerns regarding poor mechanical 
properties, and rapid biodegradability 60. Certain metals and ceramics are of extremely 
limited use due to poor processability into highly porous structures and brittleness, and 
lack of degradability in a biological environment 32,36. Moreover, the toxicity of non-
biodegradable nano-materials is not fully understood. 
The entity of hydrogels in the field of tissue engineering have addressed many of the pre-
existent disadvantages associated with conventional tissue engineering implants.  
 
1.2 Hydrogels  
Hydrogels of natural, synthetic origin and their blends are being used in food industry, 
agriculture, various industrial and consumer products (oil dewatering systems, 
mechanical absorbers) 61 as well as in tissue engineering, pharmaceutical and biomedical 
applications such as sanitary pads, wound dressing, drug delivery, trans-dermal systems, 
dental materials, implants, injectable polymeric systems, ophthalmic applications and 
hybrid-type organs (encapsulated living cells) 62-66.  
The popularity of hydrogels in regenerative medicine is due to their characteristics such 
as biocompatibility (due to relatively high water content), soft, rubbery consistency (a 
superficial resemblance to soft tissue), satisfactory in vivo performance (due to 3-D matrix 
for cell adherence and vascularization) and ability to be fabricated into a wide range of 
morphologies 67,68. Moreover, diffusion properties of hydrogels fulfill some of the most 
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permeability to small molecules which allows polymerization initiators, polymerization 
solvent molecules and other unwanted materials to be diffused from the gel network and 
after implantation ability to diffuse important low molecular metabolites/ ions through 
and to the surrounding tissue.  
Hydrogels can be defined as an interconnected network of hydrophilic macromers. They 
are capable of  imbibing large amounts of water or biological fluids 68,69. Being a gel, 
hydrogels have inherit characteristics of both solid and liquid states, i.e. they behave as 
solids since they exhibit defined shape and modulus, and hydrogels behave as liquids 
since there aren’t specific cross-links between solute and the hydrogel building blocks 
and therefore solute molecules can diffuse freely through the matrix (as long as they do 
not exceed the mesh size) 68. Hydrogels can be prepared in the form of porous sponges 
(scaffolds), non-porous gels, optically transparent films, liquids which can be 
subsequently cross-linked to form gels (injectable hydrogels) and coatings cross-linked 
by either covalent or non-covalent bonds to a substrate polymer material 67. Cross-linking 
can be either physical (hydrogen bonding, junctions) or chemical (covalent, atomic, and 
ionic) (Figure 1.3).  
 
Figure 1.3: Network structure of a hydrogel showing junctions, entanglements and covalent 
bonds. Not all cross-link types shown here are necessarily present in a given hydrogel (reproduced 
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The cross-linking can take place in two environments: in vitro during the preparation of 
a hydrogel, or in vivo (in situ) after application in a precise location of the human body 
(injectable hydrogels) 71. The physiochemical properties of a hydrogels are directly 




Figure 1.4: Hydrogel property as a function of crosslinking density (reproduced from ref. 72). 
 
 
1.2.1 Hydrogel characterization for Tissue Engineering 
Understanding of the degradation behaviour, mechanical properties and identification of 
degradation products are important in the selection and design of hydrogels for tissue 
engineering. 
 
1.2.2 Degradation of hydrogels 
The degradation rate of hydrogels is required to coincide with the rate of the newly 
forming tissue. Similarly, the mechanical strength of hydrogels is required to be similar 
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tissue regeneration, host response, and the material function 73-76. The required 
degradation rate may vary greatly for different applications. Fast degrading hydrogels are 
useful in drug delivery, whereas slow degrading hydrogels are instrumental as soft tissue 
implants 73,77. Non-degrading hydrogels are useful in medical approaches such as contact 
lenses, wound dressings and nucleus pulposus replacement 78,79.  
 
Figure 1.5: (a) Schematic of the chemical hydrolysis of hydrogels and (b) the enzymatic 
degradation by cell-mediated proteases (reproduced from ref. 80) 
 
Processes leading to hydrogel degradation 81 can be grouped into solubilisation, chemical 
hydrolysis and enzymatic catalysis (Figure 1.5). Ionically cross-linked polysaccharide 
hydrogels (such as Ca2+ cross-linked alginate or k-carrageenan) undergo rapid 
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surrounding medium 82. Controlled solubilisation is achieved by the introduction of 
additional cross-links to the polymer network for applications such as drug delivery72. 
1.2.2.1 Hydrolytic Degradation 
The chemical degradation of hydrogels is based on the hydrolysis of either the cross-links 
73 or the scission of bonds in the polymer backbone by the attack of water to form 
oligomers and finally monomers 76. Hydrolysis of hydrogels can be catalysed by acids, 
bases, salts or even enzymes 83. The degradation rate is determined by the ratio between 
hydrophilicity and hydrophobicity of a polymeric material. The susceptibility to 
hydrolysis follows the following order 76, hydrophilic with hydrolysable bonds > 
hydrophobic with hydrolysable bonds 84 > hydrophilic with no hydrolysable bonds > 
hydrophobic with no hydrolysable bonds. The degradation rate of  hydrogels with 
hydrolysable bonds such as glycosides, esters, anhydrides, carbonates, amides, urethanes, 
and ureas 83,85 depends on polymer properties such as molecular weight, chemical 
composition, crystallinity, surface area, cross-linked nature and surrounding environment 
conditions such as pH, temperature and presence of enzymes. For example, many 
hydrogels derived from natural 86 and synthetic 87-90 sources undergoes hydrolytic 
degradation. In contrast, polymers with strong covalent bonds in the backbone (e.g. -c-c) 
and with no hydrolysable groups require longer times to degrade 91.  
1.2.2.2 Enzymatic degradation 
Enzymatic degradation is based on the enzyme-catalysed hydrolysis on the polymer 
backbone or the cross-links. Hydrolysis is catalysed by the presence of enzymes known 
as hydrolases, which include proteases (e.g. trypsin), glycosidase (e.g. lysozyme), 
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medicine, understanding of response to hydrolases are vital, since most of these enzymes 
are cell-derived and present in the plasma, gastrointestinal tract and kidneys.  
Table 1.2: Enzymatic activities of some selected enzymes (reproduced from ref. 76). 
 
Lysozyme, also known as N-acetylmuramide glycanhydrolase, is found in tears, saliva, 
human milk, mucus and abundantly in chicken egg-white. This enzyme functions by 
hydrolysing the glycosidic bonds found in polysaccharides and is a well-known 
antibacterial due to its ability to attack peptidoglycans (found in the cell walls of bacteria). 
Chicken egg white lysozyme (Enzyme Commission number 3.2.1.17) served as a model 
system in molecular/ protein studies as it contains all 20 amino acids to be sequenced 92. 
Previous studies on lysozymes include effect on hydrogel degradation (modified gellan 
gum and chitin) 93-96, release (polyacrylamide and PEG) 97,98 and sorption (silicone and 
Carboxymethyl-dextran) 99-101. 
Trypsin (Enzyme Commission umber 3.4.21.4) is a protease (belongs to hydrolases) found in 
the digestive system of many vertebrates (e.g. pancreas) and exists in two forms; 
dominant cationic and minor anionic form. Trypsin hydrolyses proteins by cleaving the 
peptides on the C-terminal side of lysine and arginine amino acid residues. The optimum 
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between −20°C and −80°C to prevent self-degradation. It is widely used to environment 
monitoring (detection of microorganisms), to develop cell and tissue culture protocols 
21,103,104 and to identify proteins through peptide sequencing techniques 105. Moreover, 
trypsin is under active consideration in research into finding cures for pancreatic diseases, 
cystic fibrosis 106,107 and osteoarthritis 13. 
Apart from the above detailed categories, hydrogels can also undergo enzymatic 
oxidation when exposed to the body fluids and tissues, i.e. due to inflammatory response 
to foreign materials, inflammatory cells (such as leukocytes and macrophages) can 
produce highly reactive oxygen species that can scissor polymer chains contributing 
towards hydrogel degradation 83,108. Moreover, hydrogel degradation can occur due to 
mechanical effects during storage 76. 
The enzymatic degradation rate is affected by the characteristics of the enzyme such as 
activity, stability, concentration, 3-D structure and medium conditions. Therefore, 
modifications to the hydrogel by cross-linking, introduction or removal of chemical 
groups to the polymer chains may decrease the degradation rate as the enzyme may be 
unable to recognize the altered structure. For example, modified chitosan undergoes 
slower or (zero enzymatic) hydrolysis compared to the unmodified version 109-114. In 
addition, adsorption of proteins to the polymer surface is reported to decrease the 
degradation by blocking the enzyme hydrolysable bonds 76. For example, Ag+, 
benzamine, ethylenediaminetetraacetic acid  (EDTA) and inhibitors present in the 
pancreas (pancreatic secretory trypsin inhibitor) and egg white (ovomucoid) are known 
to inhibit the enzymatic action of trypsin 115,116.  
For some biomedical and tissue engineering applications slowly degrading or stable 
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required. For example, hydrogels designed to replace nucleus pulpous should maintain its 
mechanical integrity after repeated loading cycles (fatigue strength) 117 and hydrogels 
designed for contact lenses should inherit long-term wearability while maintain the 
transparency, oxygen permeability and  antibacterial properties 28,118,119. Moreover, hard 
tissue replacements, are expected to maintain mechanical properties generally on the 
same order of magnitude as those of the tissue that it replaces 76. In these applications the 
degradation of the hydrogel will unfavourably decrease the mechanical strength and may 
release toxic degradation by-products causing clinical side effects. It is impossible to 
discover with certainty the exact nature of the material that leaked out in an in vivo 
environment 120. Therefore in long-term implants and biomedical applications, there 
should be a reasonable guarantee that the hydrogel will not degrade over time due to 
hydrolytic and enzymatic conditions imposed in vivo. Recent studies on polyacrylonitrile 
hydrogels showed that their high strength, visco-elastic properties and durability is ideal 
for degenerative conditions in spine and hence has been proposed for orthopaedic and 
spine tissue engineering applications 121. In contrast, disadvantages of non-biodegradable 
cell matrices include immunoresponse, weakening of surrounding tissues, lack of 
integration into body, degradation of implants over time and possibility of additional 
surgery. 
 
1.2.3 Determination of hydrogel degradation 
For any biomedical application, it is vitally important to study the degradation behaviour 
at different stages of the process, in order to evaluate the performance of a hydrogel based 
system. This is normally done by the analysis of degradation products, measuring the 
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detailed surface analysis techniques such as X-ray photoelectron spectroscopy and 
contact angle measurements 76. The results of these determinations are linkable and 
complement each other, since they all result from the degradation process 73. 
The typical degradation of a hydrogel can be grouped into 3 stages. The first stage is the 
gradual diffusion of surrounding media (e.g. PBS) into the hydrogel matrix which will 
increase the swelling. Normally this occurs during the first few hours after incubation. At 
this stage negligible changes occur in mass loss and mechanical properties. The second 
stage is the diffusion of uncross-linked and weakly cross-linked polymer chains to the 
surrounding medium, which will increase the mass loss, porosity but decrease mechanical 
characteristics. The third stage (advanced stage), is the dramatic increase of weight loss 
due to collapse of the polymer matrix 76. Fast degrading hydrogels completely disintegrate 
within few hours, whereas, slowly degrading hydrogels may take several months for 
stages two and three to complete. 126-128. 
 
1.2.3.1 Weight loss and swelling ratio 
When immersed in a medium (e.g. PBS), the mass of the hydrogel may change, and this 
can be determined by comparing the mass before and after the immersion period.  
The water holding capacity or swelling is an important feature as it indicates the 
hydrophilicity/ hydrophobicity nature and thereby the hydrolytic degradation profile of a 
hydrogel. The mechanism of swelling of a hydrogel can be explained as follows 129, 
hydrophilic groups present in the hydrogel are the first to get hydrated followed by 
hydration of hydrophobic groups which are also capable of interacting with water to an 
extent when swollen (collectively known as total bound water). The hydrogel network 
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causing additional swelling, which can be opposed by cross-links or can undergo infinite 
dilution in the absence of cross-links. The voids and pores of an equilibrated cross-linked 
hydrogel, are filled with free water and therefore elastomeric in nature. The movement of 
free water within the hydrogel microstructure upon load application is critical for the 
stability/durability of the hydrogel. Hydrogels with cross-links and polymer backbones 
are capable of maintaining these elastomeric properties at equilibrium swelling.  
Properties of the surrounding medium also affect the swellability of a hydrogel. For 
example, hydrogels immersed in PBS have shown lower water absorption than when 
incubated in water, due to osmotic pressure and the ionic strength of PBS 130. Typical 
swelling ratios of hydrogels are expressed either in terms of weight or volume (see 
Chapter 2). 
 
1.2.3.2 Mechanical characterization 
It is vitally important to monitor the mechanical performance of swollen hydrogels, as the 
swelling behaviour critically affects the mechanical properties of the implanted gel. Most 
tissues are visco-elastic, meaning that they experience compression, tensile, creep, 
hysteresis and load bearing properties over time3,131,132. Therefore, these parameters are 
used to determine the mechanical behaviour and time dependent deformation of 
hydrogels aiming for tissue engineering implants (Figure 1.6).  
Lower unloading curve compared to loading curve (in a stress-strain curve of a cyclic 
test), indicates a loss of energy in the loading process which is typical for visco-elastic 
materials  133 (Figure 1.6a).  Selection of a strain range for hydrogel testing is also 
important. For example, at low mean strain rates, they absorb more energy but they are 
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Figure 1.6: Typical stress-strain curves of a hydrogel showing the loading and unloading cycles 
in (a) first cycle and (b) progressive 2-9 cycles of a cyclic test (reproduced from ref. 134). 2-9 
cycles demonstrate that there is damage done to the gels. 
 
1.2.3.3 Leachate analysis  
When a hydrogel is implanted, components can leach into the surrounding medium and 
can be metabolized causing cytotoxicity and side effects. Moreover, the accumulation of 
leachates can interfere with the degradation process. For example, some polyesters are 
known to release carboxyl groups during degradation, which catalyses the process85,135.  
Whereas poly(propylene fumarate) based composites are known to increase mechanical 
properties while degrading, promoted by release of  carboxyl groups 136.  
Analysis of leachates provides information about enzyme activity and bonds that are 
easily affected by hydrolysis. Therefore, it is necessary to identify and quantify the 
species leaching out at each stage of degradation profile. The composition and 
concentration of leachates can depend on hydrogel composition, degradation state as well 
as the nature of incubation medium. Generally, physical and chemical analysis techniques 
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performance liquid chromatography (HPLC) are used for identification and quantification 
of leachates.  
 
1.2.4 Hydrogel types for Tissue Engineering 
Polymers with both natural and synthetic origin are investigated for tissue engineering 
hydrogels. A list of selected natural and synthetic polymers and their proposed tissue 
engineering applications are shown in Table 1.3.  
Table 1.3: Summary of selected natural and synthetic hydrogel applications in tissue engineering 
(reproduced from ref. 70) 
Intended Cell type(s) Hydrogel type(s) Hydrogel function(s) 
Bone Osteoblasts Polyethylene glycol-Polylactic acid Drug delivery,  
Bone Fibroblasts Polyethylene glycol Scaffold 
Cardiovascular Bone marrow cells Fibrin Cell delivery, 
Cardiovascular Hepatocytes Hyaluronic acid, Alginate, Scaffold 
Cartilage Chondrocytes Polyvinyl alcohol Encapsulation 
Cartilage Chondrocytes Polyethylene glycol Encapsulation 
Cartilage Chondrocytes Alginate Encapsulation 
Cartilage Chondrocytes Hyaluronic acid, Collagen Encapsulation 
Connective Fibroblasts Hyaluronic acid Encapsulation, Scaffold 
Facial Chondrocytes Alginate Encapsulation, Implant 
Neural Neuroprogenitors Self-assembling peptide Entrapment, Scaffold 
Pancreatic Islet of Langerhans Polyethylene glycol-Polylactic acid Encapsulation 
Skeletal Muscle Myoblasts Polyhydroxyethylmethacrylate  Scaffold 
Skin Fibroblasts Hyaluronic acid Scaffold 
Spinal cord Astroglial cells Collagen Encapsulation 
Vascular Endothelial cells Propylene fumarate-co-ethylene Encapsulation 
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1.2.4.1 Single network hydrogels 
 
At the early stages of hydrogel development, single component hydrogels (consisting of 
either one natural or one synthetic polymer network), played a major role. More details 
are discussed below under “natural polymers and synthetic polymers”. 
 
1.2.4.2 Novel Hydrogels under development for Tissue Engineering 
Hydrogels under development for tissue engineering applications have to address number 
of requirements, such as interconnecting pores of appropriate scale in favour of tissue 
integration and vascularisation, controlled biodegradability or bioresorbability, surface 
chemistry for cell attachment and signalling, mass transport properties (diffusion), 
adequate mechanical properties to match the implantation site and handling (robust 
enough for 3-D culture) 137, absence of adverse effect, and convenient fabrication to 
various sizes and morphologies 70,125. Addressing all these requirements in a 
complimentary manner is a difficult task using a single component and therefore hydrogel 
blends have been introduced to improve and modify the physicochemical properties of 
hydrogels for tissue engineering 50.  
Hydrogel blends are usually prepared by solvent casting or solution precipitation by 
dissolving two or more different polymers to combine the characteristics of individual 
component polymer. Hydrogel blends have been tailored from natural polymers 51,138,139,  
synthetic polymers 140-142 and combinations of synthetic and natural polymers 143-145. 
Blends of natural and synthetic polymers are regarded advantageous since they possess 
complementary characteristics. For example, both mechanically robust and 
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protease sensitive peptide sequences 146. Advancements in blended hydrogels include 
synthesis of interpenetrating polymer networks (IPN), nanocomposites (NC), topological 
(TP) and microfabricated gels. 
 
1.2.4.3 Interpenetrating network hydrogels  
IPNs are cross-linked polymer networks in which at least one network is synthesized 
and/or cross-linked in the presence of the other 147,148. The entanglements of IPN are 
ideally held together by permanent topological interactions or cross-links 149. Generally 
IPNs are synthesized to combine individual properties of two or more polymers. In some 
cases, entirely new properties are exhibited by the IPN that are not observed in either 
single network alone 150. Natural, synthetic and their combinations of IPNs are either 
proposed or successfully used in biomedical applications 151. 
Synthesis of IPNs performed both by simultaneous or sequential method (Figure 1.7).  A 
sequential IPN hydrogel can be prepared by diffusing either polymer precursors or 
monomers with cross-linker into a primary network, thereby crosslinking a secondary 
network within the primary network. A simultaneous IPN can be prepared by cross-
linking both polymer networks at the same time (see Chapter 2). 
 
Figure 1.7: Schematic diagram of the synthesis of (A) a simultaneous IPN and (B) a sequential 
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IPNs are categorized based on their cross-linking and physiochemical characteristics. For 
example, depending on their physicochemical characteristics, IPNs are grouped into full-
IPNs 153, semi-IPNs 154, gradient IPNs 155  and thermoplastic IPNs 156. Depending on the 
microstructure and nature of cross-linking, IPNs are also grouped into two broad 
categories, double network hydrogels (DN) and ionic covalent entanglement hydrogels 
(ICE).  
 
1.2.4.4  Double network hydrogels 
Double network (DN) hydrogels are a new class of hydrogels, consisting of two 
independently cross-linked IPNs and were discovered by Gong et al in 2003 9,157,158. DN 
hydrogels were developed for the purpose of creating tough hydrogels for biomedical and 
tissue engineering applications 9,157,158.  Previous methods used to improve mechanical 
properties of hydrogels, include reinforcement with clay  159-162, short fibers, woven or 
knitted fabrics 163 and cyclic freeze thawing 164.  
The structure and properties of DN hydrogels are different from other hydrogel blends 
such as TP and NC hydrogels 165. In a DN hydrogel, the first network is highly cross-
linked, brittle and polyelectrolyte in nature (for integrity of hydrogel). The second 
network is loosely cross-linked or not cross-linked (e.g. semi-IPN), soft, flexible and 
neutral in nature (for energy absorption) 137 (Figure 1.8). DN hydrogels can be synthesized 
by either sequential or simultaneous synthesis. Factors affecting the mechanical strength 
of DN hydrogel include polymer density, network homogeneity, degree of cross-linking 
and flexibility of polymer chains 137. Compared to conventional hydrogels, DN hydrogel 
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enhanced resistance to degradation 123,150,166-169. Both tensile and compressive strengths 
of the DN hydrogel are in the order of ∼MPa 158.  
 
 
Figure 1.8: (a) Schematic of the  IPN double network (reproduced from ref. 51) and (b) the change 
of croslinking density/ pore size of fibroin/ polyacrylamide DN with different ratios of polymer 
(reproduced from ref. 170).  
 
Tissue engineering applications of DN hydrogels are known to inherit remarkably 
compatible properties to soft tissues. For example, DN hydrogel consisting of sulfonic 
acid acrylic polymer (PAMPS) and polyacrylamide (PAAm), mimic the structural 
integrity of articular cartilage (Figure 1.9). For example, in the application of an external 
force, the first brittle network of the DN serves as sacrificial bonds, which breaks into 
small clusters to efficiently disperse the stress, while the second ductile polymer chains 
act as hidden length, which extends extensively to sustain large deformation 56,140.  
The disadvantages identified of DN hydrogels aiming for biomedical uses, include usage 
of potentially cytotoxic small molecule cross-linkers 150,169, involvement of complex 
formulations or catalysis 123,166 and the irrecoverable damage during cyclic loading 
resulting in reduced stiffness and strength (Mullins effect) that hinder the possibility of 




23 General Introduction  CHAPTER 1 
 
Figure 1.9: Schematic of a (a) DN hydrogel and (b) articular cartilage.  (reproduced from ref. 137 
)   
 
1.2.4.5 Ionic-covalent entanglement hydrogels 
Ionic-covalent entanglement (ICE) hydrogels are a very new class of IPN hydrogels 
proposed by Bacharach et al 171 and Sun et al 173 (2012), targeting tissue engineering 
applications. ICE hydrogels consist of two polymer networks which are independently 
cross-linked. The first network is ionically cross-linked, whereas the second network is 
covalently cross-linked. The ionic network is usually denoted by biopolymers such as 
alginate, gellan gum and k-carrageenan, whereas the covalent network is denoted by 
synthetic polymers such as poly (acrylamide) and epoxy-amines (Figure 1.10 and Figure 
1.11).  
This new combination of ionic and covalent binding allows the two polymer backbones 
to be cross-linked simultaneously, requiring fewer steps than sequential network 
formation since their gelling chemistries do not interact 173-175. In this process the cross-
linking of the biopolymer network is likely to be completed first, as they are known to 
gel on a time scale of minutes 171. The cross-linking of the synthetic polymer network 
proceeds on a slower time scale and may take up to weeks, increasing the strength and 
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Figure 1.10: Schematic of alginate-polyacrylamide hydrogel formation. (a) Ca2+ cross-linked 
alginate hydrogel, (b) covalently cross-linked polyacrylamide hydrogel and (c) covalently cross-
linked alginate-polyacrylamide intertwined hydrogel (via carboxyl groups on alginate chains and 
amine groups in polyacrylamide chains).   Interpretation of chemical bonds involved. (reproduced 
from ref. 173). 
 
Figure 1.11: Schematic representation of ionic-covalent entanglement gels: top left, the epoxy-
amine linking reaction between Jeffamine (polyurethane) and PEGDGE (Polyethylene glycol 
diglycidyl ether). Bottom left, the ionic cross-linking sites on the k-carrageenan biopolymer and 
right, the resulting interpenetrating network. The photo shows a typical ICE hydrogel (reproduced 
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ICE gels have exhibited remarkable mechanical performance since ionic cross links in 
the biopolymer network act as sacrificial bonds that dissipate energy under stress 175. 
When an ICE gel is stretched, the covalently cross-linked network remains intact 
(deformation stability), while the ionically cross-linked network unzips progressively, so 
that the ICE gel exhibits prominent hysteresis and minor permanent deformation. As only 
the ionic cross-links are broken, and the ionic chains themselves remain intact, the ionic 
cross-links can re-form, leading to the healing of the internal damage 173. 
For example, ICE hydrogel consisting of ionically cross-linked gellan gum and covalently 
cross-linked poly(acrylamide) have shown 53 ± 4% recoverability of hysteresis of the 
first compressive cycle and 90 ± 9% of subsequent cycles upon cyclic compression 171. 
alginate/poly(acrylamide) ICE gels have reported a fracture energy of ∼ 9000 J m-2, much 
higher than previously reported values for tough hydrogels (100-1,000 J m-2) 173. In 
another study, alginate/poly(acrylamide) ICE gels have been fabricated through a 
modified extrusion printing process that facilitates in situ photopolymerisation. These 
gels showed remarkable mechanical performance with a work of extension of 260 ± 3 kJ 
m -3 175. k-carrageenan/epoxy-amine ICE gel yielded a 5-6 fold increase in tangent 
modulus and compressive stress at failure value when compared to parent epoxy-amine 
gels 174. These ICE gels were seemingly tough, flexible and resilient and proposed as load 
tolerant hydrogels. Swelling of ICE gels in water has a detrimental effect upon their 
mechanical properties, however recent studies on swelling the gels in a calcium chloride 
solution as a post-processing technique have reduced the effects of swelling the hydrogels 
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The work presented in this thesis investigated the physiochemical properties of swollen 
single network and blend hydrogels consist of natural polymers/ hydrocolloids such as 
gellan gum, k-carrageenan, and ICE hydrogels consist of gellan gum/polyacrylamide 
(GG/PAAm) and k-carrageenan/epoxy-amine (kC/EA). Following is a general overview 
of the natural and synthetic polymers used in this thesis work.  
 
1.3 Natural polymers 
Naturally-derived hydrogel forming polymers (e.g. protein, enzymes, muscle fibers, 
polysaccharides and tree gum exudates), have frequently been used in tissue engineering 
applications because they are either components of or have macromolecular properties 
similar to the natural ECMs 68,176. For example, the ability to tune the degradation rate 
and the enzyme-catalyzed hydrolytic degradation, where the host material can 
successfully clear or metabolize the implanted substances have made them particularly 
attractive candidates for drug delivery and as tissue engineering scaffolds 177,178. But the 
immunogenicity, structural complexity, inadequate biomechanical properties and lot-to-
lot variability hinder their direct application in such occasions 179. 
 
1.3.1 Hydrocolloids 
Hydrocolloids, often called gums, are hydrophilic biopolymers, of plant, animal, 
microbial or synthetic origin (Table 1.4), and generally may be polyelectrolytes ensuring 
strong hydration (e.g. alginate, carrageenan, carboxymethylcellulose and xanthan gum) 
180-182
. Negatively charged hydrocolloids change their structural characteristics in the 
presence of counter-ions, pH and ionic strength. For example, at high acidity the 
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Each of these hydrocolloids consists of similar, but not identical structures that affect the 
final physical properties (Figure 1.12).  
Table 1.4: Sources of commercially important hydrocolloids (reproduced from ref. 183) 
Source  Hydrocolloid  
Botanical Trees Cellulose 
 Tree gum exudates Gum Arabic, gum karaya, gum ghatti, gum tragacanth 
 Plants Starch, pectin, cellulose 
 Seeds Guar gum, locust bean gum, tara gum, tamarind gum 
 Tubers Konjac mannon 
Algal Red seaweeds Agar, carrageenan 
Microbial  Xanthan gum, curdlan, dextran, gellan gum, cellulose 




Figure 1.12: Qualitative comparison of gel textures produced by different hydrocolloids.   
(reproduced from ref. 183). Abbreviations: HM + LM pectin (high methyl + low methyl pectin), 
high ‘G’ alginate (high guluronic acid alginate), high ‘M’ alginate (high mannuronic acid 
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Descriptions of hydrocolloids regularly present definite structures but in reality they are 
natural products (or derivatives) with structures determined by random enzymatic action, 
not exactly by the inherent chemical structure 182. Therefore hydrocolloids are 
combinations of molecules with different molecular weights and confirmations with no 
one molecule is structurally identical to any other (except cellulose) 182. 
 
Commonly used hydrogel forming hydrocolloids such as agar, alginate, carrageenans, 
gellan gum, gelatine,  starch and their blends are used to incorporate improved 
characteristics to food products (e.g. locust bean gum, k-carrageenan to yield softer, more 
transparent gels) 183. Hydrocolloids in medical and pharmaceutical advances include 
impression materials (record the shape of the teeth) in dentistry 184, tissue scaffolding 185 
and classic hydrocolloid wound dressings with improved properties 186-188,189,190 for 
different type and degree of wounds 191-194. 
 
1.3.2 Gellan gum 
Gellan gum is a water soluble hydrocolloid with a high molecular weight (MW is greater 
than 70,000 g mol-1 with 95 % above 500,000  g mol-1) 195. Commercially discovered in 
1977, gellan gum is secreted by the non-pathogenic, micro-organism Sphingomonas 
elodea (ATCC 31461) 180,196,197,198. The linear polymer  consists of a repeating unit of 
tetrasaccharide: 1,3- linked β-D-glucose, 1,4- linked β- D- glucuronic acid, 1,4- linked β 
–D- glucose, and 1,4-linked α- L-rhamnose 199. Glucose is the highest percentage of the 
main constituents (at 60%) followed by rhamnose and glucuronic (20% each) 199. At high 
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forms a three-fold double helix 200,201. The transition temperature from single-stranded to 
double helix is around 30 oC. These double-helical segments aggregate under an 
appropriate aqueous environment to form a true gel network (Figure 1.13) 198,202. The 
existence of monovalent (Na+) and/ or divalent (Ca2+) cations may improve this 
aggregation and increases the mechanical properties of the gels 203-206.  However, to reach 
optimum gel strength larger concentration of monovalent ions are required compared to 
that of divalent ions 207. The confirmation and structure of gellan gum hydrogels depends 
on the concentration of polymer used, setting temperature, ionic environment and the 
presence of any cations in the solution 200,208,209. 
 
Figure 1.13: Schematic of gelation of gellan gum (reproduced from 210) 
Gellan gum acts as a thickening or gelling agent and can produce textures in the final 
product that vary from hard, non-elastic, brittle gels to fluid gels 195. Gellan gum is 
approved by the United States Food and Drug Administration (US FDA) and the 
European Union (E 415 in EU regulation) for use in the food industry. It is commonly 
used in gel based products, beverages, dairy products, emulsions and edible films 211-213. 
The demand for gellan gum is growing due to industrial and medical applications such as 
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pharmaceutical applications 214,215. The medical advances using gellan gum include 
scaffold materials for tissue engineering applications 216,217, drug delivery (as a tablet 
binder, disintegrant, gelling agent and a controlled release polymer) 218-220 and as a 
constituent in eye drops 221. Gellan gum has shown its cell compatibility in variety of 
living cells ranging from yeast 222, animal cells (rat lung fibroblasts (L929) 223-225, rat bone 
marrow cells 217 rabbit adipose stem cells 226 ) to human cells (nasal chondrocytes 227 , 
dermal fibroblasts (HDFs) and foetal osteoblasts (hFOBs 1.19) 228). 
Gellan gum exists in two types, which are distinguished by their polysaccharide content 
and the percent substitution of o-acetyl functional groups, i.e. high acyl and low acyl 229. 
1.3.2.1 High acyl gellan gum 
The native form of gellan is high acyl gellan gum (HAGG). HAGG consist of two acyl 
substituents (Figure 1.14b) present on the 3-linked glucose, namely L- glyceryl, 
positioned at O (2) and acetyl at O (6) 229. On average there is one glycerate per repeat 
unit and one acetate per every two repeats 229. The presence of the acyl substituents in 
HAGG does not change the overall helical structure, but changes the binding (cross-
linking) sites for the cations 196,203,206,230,231, i.e. there is no cation-mediated aggregation 
between the HAGG helices. Only a few publications reported on high –acyl gellan gels 
203,224,232-236  and their blends 237,238. 
 
1.3.2.2 Low acyl gellan gum 
When acyl groups were progressively removed from the high acyl gellan chain, the 
gelling and mechanical properties of high acyl gellan gels approached that of low acyl 
gellan gels 210,232. Low-acyl gellan gum is produced by the complete removal of acetyl 
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substituents (Figure 1.14a) ease the steric hindrance between gellan chains (unlike in 
HAGG) improving the cross-linking ability and due to this difference, LAGG forms hard 
(non-elastic) and brittle gels. This form of gellan gum is sensitive to an ionic environment 
and divalent cations and therefore properties like gel strength, setting temperature and 
melting temperature can be controlled by altering the cations and pH 242.  In the absence 
of cations, low-acyl gellan gum gels around 30o C 208,243. The addition of cations increases 
the gelation temperature.  
Previous studies on low-acyl gellan reported blends and interpenetrating network 
hydrogels with other natural polymers such as guar gum, locust bean gum, xanthan gum, 
carboxymethyl cellulose, starch, k-carrageenan , agar, albumin and lysine 235,244-247 and 
synthetic polymers such as polyacrylamide 171,174, and poly(vinyl alcohol) 248.  
Mixtures of LAGG and HAGG can be used to tune the gel characteristics depending on 
ratio of mixture 231,236.  
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1.3.3 k-carrageenan 
The carrageenans are a family of linear, sulphated polymers extracted from marine red 
algae Rhodophyceae. They are approved by the United States Food and Drug 
Administration (US FDA) and the European Union (E 407 in EU regulation) for use in 
the food industry. The repeating unit carraboise (consisting of galactose disaccharides) is 
comprised of alternatively linked α (1,3) and β (1,4) D galactopyranose.  The sulfation on 
β (1,4) galactopyranose-4-sulfate results in one negative charge per repeating unit (Figure 
1.15a) 249. Similar to gellan gum, carrageenans form aqueous gels via double helix 
formation 250. On cooling the polymer chains become interlinked through double helix 
formation to form "domains" and this occurs regardless of the presence of counter ions 




Figure 1.15: (a) Structure of k-carrageenan repeating unit (reproduced from ref. 251) and (b) 
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Alkali metal ions promote the gelation of k-carrageenan by aggregating the domains to 
form a three-dimensional network 252-257, although excessive addition of these ions can 
inhibit gelation 258. The mechanical characteristics of k-carrageenan depend on 
concentration, temperature, the presence of other solutes and its molecular weight. 
Carrageenans are used as additives to improve food texture, gelation, stability, water 
retention, particle suspension and viscosity 259 and are generally regarded as safe 260. 
Other industrial applications include paints, emulsions and personnel care products. IPN 
hydrogels of k-carrageenan are reported with natural polymers such galactomannon, 
carobgalactomanon, konjac mannon or locust bean gum 261-265 and synthetic polymers 
such as poly(vinyl alcohol) 266,267 and polyacrylamide 174. 
Carrageenans resemble the naturally occurring glycosaminoglycans (GAGs) to some 
extent owing to their backbone composition of sulphated disaccharides, gelation 
properties and mechanical strength and are proposed as a potential candidate for tissue 
engineering applications 268. Furthermore, due to its inherent thixotropic behavior, kC has 
been used as an injectable matrix for macromolecules and cells delivery 269. Although 
previous studies have shown encouraging results, there is still inadequate control over the 
swelling, degradation and mechanical properties of ionically cross-linked kC hydrogels, 
mainly due to the uncontrollable ion exchange with the surrounding physiological 
environment. Therefore, modification of kC to form stable cross-linked gels is a new field 
of interest in developing hydrogels for tissue engineering. 
1.4 Synthetic polymers 
Synthetic polymers are derived from petroleum oil and grouped into four broad categories 
depending on their utility. Synthetic hydrogels represent all these categories consist of 
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Advantages over natural hydrogels, include their ability to photopolymerization, 
adjustable mechanical properties, convenient control of matrix architecture and chemical 
compositions (with specific block structures, molecular weights, and degradable 
linkages), simple synthesis mechanisms and high reproducibility 48,281,282. This made 
synthetic hydrogels more popular in the early stages of hydrogel advances (Figure 1.16) 
). For example, the first hydrogel synthesized with potential biomedical applications by 
Lim and Wichterle in 1955 was of synthetic origin 283,284.  
 
Table 1.5: Potential/ current biomedical applications of synthetic hydrogels (reproduced from ref 
67)  
Coatings Homogeneous Materials Devices 
 
Sutures Electrophoresis gels Enzyme therapeutic systems 
 Catheters Contact lenses Artificial organs 
 Blood detoxicants Artificial corneas Drug delivery systems 
 Sensors (electrodes) Vitreous humour replacements 
 
 
Vascular grafts Soft tissue substrates 
 
 
Electrophoresis cells Wound dressings 
 
 
Cell culture substrates Dentures 
 
 
 Ear plugs  
 Synthetic cartilages  
 Tumour antibodies  
 
Disadvantages of using synthetic polymers for biomedical hydrogels, include bio-inert 
nature (lack of endogenous factors to support cell adhesion, cell function, vascularisation 




35 General Introduction  CHAPTER 1 
degrading hydrogels; see Table 1.6), chronic inflammation and clearance issues (in 




Figure 1.16: (i) Common polymerization methods of synthetic hydrogels (reproduced from ref. 
286) and (ii) schematic of synthetic hydrogels with excellent mechanical properties (a) topological 
sliding hydrogels 287 (ring cross-links allows PEG chains to move freely), (b) double network 
hydrogels 158 (consist of two hydrophilic networks, one highly cross-linked, the other loosely 
cross-linked) and (c) nanocomposite hydrogels 162,288,289 (filled with clay sheets and shows 
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Table 1.6: Monomers used in synthetic hydrogels (reproduced from ref 67) 
Monomer Type Monomer Chemical structure 
 
Neutral Hydroxyalkyl methacrylates 
 
 Acrylamide derivatives 
 
 N-vinyl pyrrolidone 
 
 Hydrophobic acrylics  
(as co-monomers)  
 
Acidic or anionic Acrylic acid and  derivatives 
 
 Crotonic acid 
 








Polyacrylamide is a water-soluble polymer with a hydrophobic main chain and a 
hydrophilic side group (-CONH2). Polymers with controllable molecular weights are 
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formed by exothermic, copolymerization of acrylamide and bis-acrylamide (“bis,” N,N'-
methylene-bisacrylamide) see Figure 1.17 292. The reaction is a vinyl addition 
polymerization initiated by a free radical-generating system 293. The characteristics of 
polyacrylamide gels depend on number of factors such as temperature, oxygen, pH, 
reaction time and monomer concentration 292. Polymerization at 0 – 4°C results in turbid, 
porous, inelastic gels due to increase hydrogen bonding of monomer at low temperatures, 
whereas the gels polymerized at 25°C are more transparent, less porous, and more elastic. 
Synthesis under an oxygen free environment is preferred for optimum results. As any 
oxygen, present in the air, dissolved in gel solutions, or adsorbed to the surfaces inhibits/ 
limits the free radical polymerization. The reaction mixture is buffered at neutral or basic 
pH, where most of initiators are effective. Although visible gelation occurs in 15–20 min 
of chemical polymerization, ammonium persulfate/TEMED-initiated reactions should be 
allowed to proceed for 2 hours to ensure maximum reproducibility in gel pore size. The 
practical range for monomer concentration is between 3% (w/v) and 30 % (w/v), of total 
monomer (acrylamide + bis) in solution  292.  
 
Figure 1.17: Polymerization of polyacrylamide gels in the presence of N, N’-methylene-
bisacrylamide (bis) (reproduced from ref. 292) 
 
Polyacrylamide hydrogel is widely used in horticulture, cosmetics industry, gel 
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and water purification 296. These gels inherent characteristics such as chemical inertness, 
pH range, temperature stability, swelling, mechanical strength, ability to make gradient 
gels with varying ratios of bis to acrylamide, unchanged surface chemistry with varying 
mechanical properties and non-fouling; resulting in negligible non-specific cell-receptor 
binding 297. In tissue engineering, polyacrylamide gels are successfully being applied as 
soft tissue fillers 296, 298 and cardiac tissue regeneration 299. The peptide/ protein 
mimicking amide structure of polyacrylamide is regarded as an added advantage over 
other synthetic polymers in cardiac tissue engineering. Polyacrylamide is regarded 
advantageous for tissue engineering applications over number of other biomaterials as 
detailed in Table 1.7. 
Table 1.7: Relative advantages of polyacrylamide compared with other biomaterials (reproduced 
from ref. 300) 
 
Previous studies have reported grafts, blends, composites and interpenetrating network 
hydrogels of polyacrylamide with improved chemical and physical properties; i.e. 
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biomedical applications. For example, grafts with nanotubes 294 and natural polymers 
such as alginate 303, 304, chitosan 305, starch 306,307, amylose 308, glucomannon 309, guar gum 
310, gellan 311, and synthetic polymers such as glycidyl methacrylates 312, vinyl 313, acrylic 
acid 314 and polystyrene 315 are reported. Blends with natural polymers such as silk fibroin 
316, chitosan 317, starch, alginate 318, xanthan gum 319 and synthetic components such as 
polyvinyl pyrrolidone 320 and polypyrrole 321 are reported, whereas composite and 
interpenetrating networks are reported with cellulose 322, dextran 323, alginate, chitosan 
324, gellan gum 171,174, silk proteins 170,297, and polyurethanes 325,326. 
Toxicity of polyacrylamide gels is a topic of debate for many years due to its possible 
contamination with acrylamide and acrylic acid caused by incomplete polymerization and 
degradation of hydrogel. Acrylamide is a cumulative neurotoxin. In cross-linked gels, the 
possibility of the monomer being present is minimal. But residual acrylamide monomer 
is likely an impurity in most polyacrylamide preparations, ranging from < 1 ppm to 600 
ppm 291. Due to the toxicity of monomer acrylamide, it is crucial to optimize the 
polymerization, in developing polyacrylamide hydrogels for tissue engineering, to ensure 
that the acrylamide monomer is negligible. Various toxicity indexes and tolerance levels 
have been introduced to regulate the use of acrylamide 291,327-329. Polyacrylamide, with 
less than 0.01% acrylamide monomer content, is regarded as safe for cosmetic 
applications 291. Human cutaneous tolerance tests performed to evaluate the irritation of 
5% (w w-1) polyacrylamide indicated that the compound was well tolerated 291.  In vitro 
cell responses for polyacrylamide hydrogels are reported to be encouraging for 
biomedical and tissue engineering. Previous studies of polyacrylamide gels have 
demonstrated none or negligible toxicity across a wide range of cell types and explants, 
including faline (AH 927) 297, rat embryo fibroblasts (NIH3T3) 317, human epithelial cells 
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human fibroblasts 330. Moreover, degraded products/leachables of polyacrylamide were 
found to be non-cytotoxic for cell growth 170,297,331.  
 
1.4.2 Epoxy-amine  
Primary amines form epoxy-amines with epoxy resins (polyether resins containing more 
than one epoxy group) by addition reaction 332. The type of amine is mainly responsible 
for the processing properties (e.g. viscosity, reactivity) and the final properties (e.g. 
mechanical, temperature and chemical resistance) of the cured copolymer network. 
Reactivity of amines with epoxies are in the order of aliphatic amines > cycloaliphatic 
amines > aromatic amines 333.  
Polyetheramine (ED-2003) is a water soluble aliphatic diamine derived from propylene 
oxide. It is a waxy solid at room temperature with an approximate molecular weight of 
2000 g mol-1. The ED-2003 polyetheramines have a proven history in composite 
applications, due to the clarity, higher elongations, water solubility and low toxicity of 
the cured product. They are widely applied as hydrophilic polymers, antistatic agents, 
epoxy modifiers, textile treating and water based coatings 334. One key structural 
characteristic is the steric hindrance (resulting slower polymerization rate) due to the 
presence of a methyl group on the amine-bearing carbon (Figure 1.18).  As a result, these 
amines cross-link epoxy resins more slowly than other aliphatic amines such as ethylene-
amines 335,336. Another important structural feature is the flexible polyether backbone, 
which gives reduced brittleness in the cross-linked structure. Better toughness, impact 
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Figure 1.18:  ED-2003 polyetheramine structure (reproduced from ref. 334) 
 
Poly (ethylene glycol) diglycidyl ether (PEGDGE) is a widely used epoxy-resin for cross-
linking polymers bearing amine, hydroxyl, or carboxyl groups. The chemical structure of 
PEGDGE has two oxirane groups which can react with active hydrogens donated by the 
other polymer (Figure 1.19). By varying the constituent proportions the elastic moduli of 
the cross-linked network can be altered 337 (Table 1.8). 
 
Figure 1.19: (a) Structure of ED-2003 and PEGDGE, (b) reactions leading to the formation of 
the gel. The primary amine reaction forms long chains. Some of the secondary amines also react 
depending on the availability of the epoxy reactant, to form cross-linked gel network and (c) a 
diagrammatic representation of gel showing chains and crosslinks. (reproduced from ref. 337). 
 
 
The medical advances using ED-2003 polyurethanes include conducting, elastomeric 
hydrogels as sensing-systems for skin 337,338, drug delivery (with fluorescent markers) 339, 
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is been used to synthesize enzyme immobilizers 342 and fibroin membranes 343. Recent 
advances in tissue engineering include interpenetrating double network hydrogels 
between  jeffamine and polysaccharides 174. Polyurethanes has shown its cell 
compatibility in variety of living cells including  mouse chondrocytes (ATDC5) 344,  
human fibroblast (HS27) 345  and many other cell types 346. 
Table 1.8: Comparison of mechanical properties of unmodified and modified (logpile structure) 




Stress at failure 
(MPa) 
 







0.08 ± 0.02 10.6 ± 3 0.80 ± 0.03 
ED-2003  
(modified-low density) 
0.68 ± 0.05 96.6 ± 18 1.68 ± 0.07 
ED-2003  
(modified-high density) 
1.45 ± 0.05 193 ± 13 1.82 ± 0.03 
ED-600  
(unmodified)    
0.17 ± 0.03 12.5 ± 1 1.74 ± 0.03 
ED-600 
(modified-low density) 
0.67 ± 0.006 56 ± 6 2.12 ± 0.14 
ED-600  
(modified-high density) 
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1.5 Aims of this PhD project 
As reviewed in this chapter hydrogels of natural and synthetic origin are acquiring 
attention to cater the multidisciplinary needs in the field of tissue engineering.  
Natural polymers possess advantageous characteristics such as having macromolecular 
properties similar to natural ECM, having economic advantages over synthetic polymers 
due to their mild and simple approach to three-dimensional cell immobilization. But the 
inherent immunogenicity, structural complexity, inadequate biomechanical properties 
and lot-to-lot variability hinder their direct application in tissue engineering 179. In 
contrast, synthetic polymers can be reproduced with specific molecular weights, block 
structures, degradable linkages and cross-linking modes that enables incorporation of 
biological signals into the network in a highly controlled and reproducible fashion 347. 
However, they lack bio-inertness and can generate toxicity due to un-reacted monomers 
and, breakdown products of degrading hydrogels. The resulting health issues (e.g. chronic 
inflammation and acute toxicity) are associated with clinical clearance issues that are of 
less importance with natural materials 281,285. Therefore, understandably the development 
of hydrogel systems comprising natural and synthetic polymers (e.g. IPN) are expected 
to complement each other.  
Numerous studies have been carried out using natural, synthetic polymer combinations 
targeting hydrogels for tissue engineering applications. Long-term degrading hydrogels 
are becoming popular over currently utilized non-biodegradable materials due to their 
associated complications such as abdominal wall stiffness, mesh erosion when implanted 
resulting the necessity of a secondary eliminatory operation 151,154,156. Further, these type 
of  hydrogels are currently being proposed  as soft tissue implant materials which require 
longer degradation times while maintaining the mechanical integrity (e.g. surgical repair 
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applications) 149,150,153. According to the literature, many studies have focused on rapidly 
degrading hydrogels (hours-days), but there are only a limited number of reports on 
mechanical characterisation of slow degrading (weeks-months) hydrogel systems. As a 
result, the narrow ranges of degradation rates and mechanical properties of currently 
available hydrogels limits their applications 14. In developing slow degrading hydrogels, 
much consideration is needed on leaching/diffusion of un-crosslinked and weakly cross-
linked polymer constituents (chain release) as the accumulation of these leachates over a 
longer period of time could create difficulties in the duration, performance and patency 
of the tissue engineered implant as well as the health of the patient. Furthermore, in 
developing hydrogels for tissue engineering, understanding of response to hydrolases are 
important, since most of these enzymes are cell-derived and present in physiological body 
environment.  
Biopolymers such as gellan gum and k-carrageenan have been receiving great attention 
particularly in the field of biomedicine due to their biocompatibility and biodegradable 
properties. Synthetic polymers such as polyacrylamide and epoxy-amines are abundantly 
used industrial polymers, and are recently proposed for biomedical applications to 
incorporate better mechanical properties than those currently in use. The main aim of 
this thesis is to study the long-term physiochemical behaviour (swelling, mechanical 
properties, degradation, and chain release) of slowly degrading swollen single network, 
blend and IPN hydrogels. 
 
Aim 1: Study the physiochemical behaviour of natural polymer hydrogels by assessing 
the characteristics of swollen single network and blend hydrogels of low acyl-gellan gum 
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profiles (swelling, mechanical properties, degradation, chain release and cytotoxicity) in 
physiological body conditions (pH 7.4, 37oC) (chapter 3).  
 
Aim 2: Study the physiochemical behaviour of IPN hydrogels by assessing the 
characteristics of 2 types of swollen ICE hydrogels consisting of gellan 
gum/polyacrylamide (GG/PAAm) and k-carrageenan/epoxy-amine (kC/EA). To establish 
their long-term degradation profiles (swelling, mechanical properties, degradation, chain 
release and cytotoxicity) in physiological body conditions (pH 7.4, 37oC) (chapter 4 and 
5).  
 
Aim 3: Study the physiochemical behaviour of swollen single network (GG) and double 











Endotoxin-free LAGG (molecular weight range 2-3x 105 g mol-1, Gelzan CM and lot # 
9K6969A), HAGG (molecular weight range 1.5-2.5x 106 g mol-1, Kelcogel LT 100, lot # 
9K6878A) and k-carrageenan (molecular weight range 3.5x 105 - 8.0x 105 g mol-1, 
Genugel type C1-102, batch # SK13752) were a gift from CP Kelco. Alginic acid sodium 
salt (molecular weight range 3.0x 105 g mol-1- 5.0x 105 g mol-1, batch # 106K01132), 
acrylamide (molecular weight 71.08 g mol-1, lot # BCB4267V) and polyetheramine 
(molecular weight 2000 g mol-1, Jeffamine ED 2003, lot # IF518) were purchased from 
Sigma, Fluka and Huntsman respectively. Potassium persulphate (molecular weight 
270.32 g mol-1, lot # MKBC7654V), N,N,N’,N’-tetraethylmethylenediamine (molecular 
weight 158.28 g mol-1, lot # SHBB4240V), N,N’-methylenebisacrylamide (molecular 
weight 154.17 g mol-1, lot # MKBF1194V),  poly(ethylene glycol) diglycidyl ether (M = 
500, lot # MKBK2124V), CaCl2.2H2O (molecular weight 147.01 g mol-1, lot # 
MKBG9652V), lysozyme from chicken egg white (enzyme commission number: 
3.2.1.17, activity ≥4.0x 104 units. mg of protein-1), trypsin from porcine pancreas (enzyme 
commission number: 3.4.21.4, activity 1.0x 103-2.0x 103 BAEE units. mg of solid-1), 
Eagle’s minimum essential medium (EMEM), Dulbecco’s modified eagle’s medium 
(DMEM), foetal bovine serum (FBS), penicillin/ streptomycin (PS), Dulbecco’s 
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solution preparation were purchased from Sigma-Aldrich. PBS solutions (pH 7.4, 
temperature 37 °C) were prepared using 137 mM of NaCl (molecular weight 58.44 g mol-
1, lot # 11K300008), 2.7 mM of KCl (molecular weight 74.55 g mol-1, lot # 059K0091V), 
10.1 mM of anhydrous Na2HPO4 (molecular weight 141.56 g mol-1, lot # 011M0191V) 
and 1.7 mM of anhydrous KH2PO4  (molecular weight 136.09 g mol-1, lot # 078K0118) 
in Milli-Q water (resistivity 18.2 MΩ cm).  
Unit definitions of enzymes are as follows, Lysozyme: One unit produce a change in A450 
of 0.001 per minute at pH 6.24 at 25 °C, using a suspension of Micrococcus lysodeikticus 
as substrate, in a 2.6 ml reaction mixture (1 cm light path). Trypsin: One BAEE unit 
produce a change in A253 of 0.001 per min at pH 7.6 at 25° C using BAEE as substrate, 
in a 3.2 mL reaction mixture (1 cm light path).  
All materials were used as received.  
 
2.2 Preparation of biopolymer single network hydrogels 
2.2.1 Preparation of gellan gum hydrogels 
Aqueous solutions of LAGG (2% w v-1) were prepared in Milli-Q water under continuous 
stirring at 200 rpm (IKA RW 20 digital) for 2 hours at 80 oC. Solutions of HAGG (2% w 
v-1) were prepared under continuous stirring for 2.5 hours at 85oC (until all the powder 
dissolved). Hot CaCl2 solution (≈80 oC) was added (final added Ca2+ concentration ≈ 5 
mM) to hot gellan gum solution followed by transfer into polystyrene petri dishes (Sigma-
Aldrich). The hydrogels were prepared by cooling the solutions to 37 oC in a humidity 
chamber (relative humidity 50%, Thermoline Scientific, TRH-150-SD) and a custom-
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2.2.2 Preparation of k-carrageenan hydrogels 
Solutions of k-carrageenan in Milli-Q water were prepared at a concentration range of 1-
2% (w v-1) under continuous stirring at 200 rpm (IKA RW 20 digital) for up to 24h at 80 
oC. Hydrogel discs were prepared by addition of hot (≈80 oC) CaCl2 solution to the hot k-
Carrageenan solution (final added Ca2+ concentration ≈ 5 mM) followed by transfer into 
polystyrene petri dishes (Sigma-Aldrich). The gels were formed by cooling the solutions 
to 37 oC under controlled conditions (relative humidity 50%, Thermoline Scientific, 
TRH-150-SD) and a custom-build puncher was used to punch out gel discs (diameter 7 
mm, height 10 mm). 
 
2.2.3 Preparation of LAGG/HAGG blend hydrogels 
Aqueous solutions of LAGG and HAGG (prepared using the method described in GG 
hydrogel) were combined at a ratio of 1:1 (v v-1) to obtain the LAGG/HAGG blend (2% 
w v-1). Hot CaCl2 solution (≈80 oC) was added (final added Ca2+  concentration ≈ 5 mM) 
to hot gellan gum solution followed by transfer into polystyrene petri dishes (Sigma-
Aldrich). The gels were formed by cooling the solutions to 37 oC under controlled 
conditions (relative humidity 50%, Thermoline Scientific, TRH-150-SD) and a custom-
build puncher was used to punch out gel discs (diameter 17 mm, height 4 mm to 10 mm). 
2.3 Preparation of interpenetrating network (ICE) hydrogels 
2.3.1 Preparation of GG/ PAAm ICE hydrogels 
GG/PAAm hydrogels were synthetised using a simultaneous network formation or one-
step technique 171,172,348, i.e. GG/PAAm hydrogel with 2 % (w v-1) LAGG (cross-linked 
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prepared by combining hot (80 °C) solutions of MBAAm/AAm and LAGG, followed by 
drop-wise addition of hot (80 °C) solutions of TEMED, CaCl2 and KPS in the given order. 
The resulting hot solution was rapidly transferred to a mould placed in a desiccator, which 
was then evacuated (to 100 mbar) and held for 2 hrs. The evacuation was disturbed for 
couple of times at the beginning of evacuation cycle for deaeration purposes. The 
concentrations of LAGG and CaCl2 were selected such that they are compatible with the 
LAGG single network hydrogels. The concentrations of the reactants (cross-linker, 
initiator and accelerator) were selected such that polymerisation of poly(acrylamide) 
(PAAm) completed at room temperature (21 °C) within 2 hours in the presence of GG 
and CaCl2 292. 
 
2.3.2 Preparation of kC/EA ICE hydrogels 
A 0.2 M stock solution of calcium chloride (pH = 9.1) and solutions of k-carrageenan 
(kC), which was prepared by adding kC powder to 45 mL of Milli-Q water at 70 °C under 
continuous stirring on a hotplate for 12 hrs, were stored in an oven at 70 °C. The kC 
solutions were stored in a Schott bottle and placed in an oven at 70 °C for up to 48 hrs 
prior use.  
All reagent materials and glassware (e.g. measuring cylinders and pipette tips) used for 
synthesis were heated to 70 °C prior to usage, except PEGDGE, which was stored at 4 °C 
(≈ 15 min. in room temperature; 25 oC). IPN hydrogels were prepared by combining a hot 
solution of kC and a hot solution of epoxy-amine solution followed by addition of CaCl2  
under stirring. The mixture was then left to stir for 1 min and allowed to rest for 1 min 
prior to pouring into a sealed Petri dish. The curing was proceeded for 14 days under 
controlled laboratory conditions (21 °C, no light exposure) and the hydrogel discs were 
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2.4 Characterization of hydrogels 
2.4.1 Mass loss  
Hydrogel discs were prepared as discussed in the previous section. All samples were 
weighed (mi) at fabrication, and transferred to permeable tissue cassettes (embedding 
M516-2, Simport). Hydrogels in tissue cassettes were incubated in PBS (pH=7.4, 37 ºC)  
as described in previous section (Figure 2.1). For the enzymatic degradation study the PBS 
(pH=7.4, 37 oC) containing (i) 1.0x 104 U ml-1 of lysozyme and (ii) 1.0x 103 U ml-1 of 
trypsin was prepared.  At different time points, three tissue cassettes were removed from 
the medium, blotted dry, and weighed to obtain the swollen weight of the hydrogels (ms). 
The hydrogels were lyophilized (Labconco, Feezone 4.5), then weighed to get the dry 
weight of the polymer remaining in the hydrogels (md). The initial dry polymer mass (mid) 
was calculated by multiplying mi by the weight fraction of the polymer in the initial 





× 100% , 2.1 
 
where the initial dry polymer mass (mid) is obtained by multiplying mi with the polymer 
weight fraction. The average mass loss was calculated from the mean of the three 
replicates at each time points. Results are expressed as average mass loss versus time. 
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2.4.2 Mass swelling and volumetric swelling ratio 
The volumetric swelling ratio (Q) of the polymer volume in the swollen state (Vswollen) 











− 1) ,  ( 2.2 ) 
 
where ms the swollen weight of the hydrogel, md is the dry weight of the polymer 
remaining in the hydrogel and ρpolymer and ρsolvent are the biopolymer and solvent densities, 
respectively. Combined hydrogels, such as IPN hydrogels, may experience difficulties or 
errors in calculation of Q as the relative amount of each phase is not known and thus the 
dry mass and overall “polymer density” cannot be split into the hydrogel components 321. 
Therefore on occasions where sophisticated calculations (e.g. mesh size) are not involved 
the mass swelling ratio (q) is used to measure hydrogel swelling. q was calculated 
according to the following equation 52,352: 
 
 =  


 , ( 2.3 ) 
 
where ms and md  are the mass of the swollen hydrogel and the mass of the dry polymer, 
respectively. The swelling of single network and blend hydrogels were calculated using 
Q measurements due to their simple composition. The absence of complex additives such 
as cross-linkers and initiators makes it possible to calculate overall polymer densities 
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hydrogels were calculated using q measures since the overall polymer density (ρpolymer) 
cannot be split into the hydrogel components (e.g. monomers, initiators, cross-linkers).  
 
 
2.4.3 Diffusion coefficient for chain release  
The diffusion co-efficient (D) of hydrogels immersed in physiological conditions (pH, 37 
oC) was calculated by loading the profile of fraction remaining versus time (f (t)) into a 
pre-developed program 353. Assuming Fickian–diffusion, the program uses an initial 
guess of D=1 cm2 s-1 and produces a theoretical curve using diffusion theory for a fraction 
of sample that has leached out of the membrane for a thin film,  
 ( 2.4 ) 
where l is the thickness of the membrane.  
 
 
2.4.4 Ultraviolet Visible Spectroscopy 
Ultraviolet-visible (UV-Vis) spectroscopy of solutions and hydrogel extracts were 
performed using a spectrophotometer (Varian, Cary 500 UV-Vis NIR) with data interval 
= 0.5 nm, scan speed = 300 nm.min-1 and wave length range 200-800 nm. Quartz cuvettes 
with path length 5 nm to 10 mm were used and detailed on caption to each figure.  
2.4.5 Circular Dichroism spectroscopy 
Circular dichroism spectroscopy (CD) measurements were performed using a 
Spectropolarimeter (Jasco, J-810) equipped with a temperature peltier (Jasco, CDF-
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scanning rate of 100 nm. min-1 using CD-matched cuvettes (path length 1mm to 5 mm). 
CD intensity at 201 nm (at 37oC) was used to construct a calibration plot to quantify GG 
present in leachates.  
 
2.4.6 Attenuated total reflectance -Fourier transform infrared spectroscopy 
Attenuated total reflectance (ATR)-Fourier Transform Infrared Spectroscopy (FTIR) was 
used to identify the presence of designated chemical groups in vacuum-dried samples of 
kC, PEGDGE and Jeffamine, and kC/EA hydrogels.  Transmittance (%) FTIR spectra 
were obtained at room temperature (25 oC) in the range of 4000 to 650 cm-1 with 64 scans 
and 2 cm−1 resolution. The FTIR spectra were normalized and major vibration bands were 
associated with chemical groups. 
 
2.4.7 Mechanical analysis 
Uniaxial compression measurements were performed using an universal testing machine 
(EZ-S, Shimadzu, Japan) at 2 mm min-1 (Figure 2.2). Hydrogel samples were punched/cut 
into disc (diameter 7-17 mm, height 5-10 mm) or cube (20 x20 x10 mm3) specimens and 
compressed until breaking point at regular time intervals. The temperature of the samples 
was maintained using a water bath (37oC). Measurements were conducted in 
quadruplicate for each hydrogel composition at each time point on samples which had not 
been tested previously. From the resulting compressive stress-strain plots, the tangent 
modulus (Et,), stress-at-failure (σf), strain-at-failure (εf) and strain energy to failure (U) 
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Figure 2.2: An idealised stress-strain curve with significant mechanical parameters in a 
compression test (reproduced from ref. 17).  
 
2.4.8 Cyclic testing 
Compressive texture analysis was carried out using an universal testing machine (EZ-S, 
Shimadzu, Japan) at 50 mm min-1 (Figure 2.3). 
 





55 Experimental Techniques  CHAPTER 2 
Hydrogel discs were submerged in PBS (pH 7.4, 37oC) and tested at selected time 
intervals. During the test, the temperature of the samples was maintained using a bath 
similar to that of immersion conditions (37oC). Hydrogels were exposed to a cyclic testing 
regime between 15% and 25% compressive strains (rate 50 mm min-1). The gels were 
held for 2 s between loading and unloading cycles, where 20 consecutive cycles were 
performed for each hydrogel sample. Similar testing regime/s have been used in previous 
cyclic studies on hydrogels 174.   
2.4.9 Rheological testing 
Oscillatory shear rheological measurements were performed on a controlled strain 
rheometer (Anton Paar, Physica MCR 301) with a plate-plate measuring system and a 
heat controlled sample stage (Julabo Compact Recirculating Cooler AWC 100) at 37 oC 
(Figure 2.4a).  
 
 
Figure 2.4: (a) Schematic of a oscillatory shear testing using the two-plates model and (b) a 
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Hydrogel discs or cubes (punched to disc shape immediately before testing) that 
submerged in PBS (pH 7.4, 37oC) were tested at each time point. Strain sweeps (up to 
100%) were conducted at 5 Hz to determine the linear viscoelastic region (LVE) (Figure 
2.4b) for each hydrogel composition and frequency sweeps (up to 500 Hz) were 
conducted by applying the identified constant strain of 0.1%. Storage (G’) and loss (G”) 
moduli were determined using the linear viscoelastic (LVE) regions of frequency sweeps.  
Maximum shear strain (τmax) and maximum shear stress (γmax) were determined from the 
LVE regions in amplitude sweeps. All tests were run in triplicate on samples which had 
not been tested previously. 
 
2.4.10 In vitro cell studies 
2.4.10.1 L929 Cell growth inhibition (%) 
Routine cell-culture 
L929 mouse fibroblast cells (American Type Tissue Collection cell line) were cultured in 
either EMEM (Eagle’s modified essential medium) or DMEM (Dulbecco’s modified 
essential medium) supplemented with 10% (v/v) foetal bovine serum and 1% PS 
(penicillin/streptomycin) at 37 0C in a humidified atmosphere at 5% CO2. Cells were 
routinely checked for infections and sub-cultured in fresh media (1:10 dilution) every 3 
days using standard protocols. The cells were harvested at 60-80% of confluence, washed 
twice with DPBS, and then trypsinized with 0.25% trypsin for not less than 3 min. The 
resulting cells suspension was centrifuged (1500 rpm for 5 min) and re-suspended in 
EMEM or DMEM media followed by cell counting with Vi-Cell cell viability counter 
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L929 Cell growth inhibition Assay 
Hydrogel samples (diameter ranging from 7-17mm, height ranging from 5-10 mm) 
weighing approximately 1 g each were prepared under sterile conditions (raw materials, 
media and glassware/lab ware were ethylene oxide sterilized and/or autoclaved, whereas 
all the experiments were performed in sterile hoods) , and extracted in predetermined 
volumes of DPBS in 35 mm well plates. Five extraction blanks (for each time point) of 
DPBS (Dulbecco’s phosphate buffered solution) in empty well plates were used as 
control. All the samples were placed in a 5% CO2 humidified atmosphere at 37ºC 
(Thermo Scientific, Heraeus BB 15). At relevant time points, 1 ml of DPBS extract was 
pippeted out from each of the well plates, and diluted with EMEM or DMEM 
(supplemented with 10% FBS-Fetal Bovine Serum and 1% PS-penicillin/Streptomycin) 
to a ratio of 1:3. 
Murine dermal fibroblasts (L929) were seeded at 1 x 105 cells/plate in EMEM 
(supplemented with 10% FBS and 1% PS) in tissue culture dishes (diameter 35mm), and 
then incubated in a 5% CO2 humidified atmosphere at 37ºC for a day to establish a sub-
confluent cell monolayer of adherent fibroblasts. The media in each plate were replaced 
by hydrogel extracts, positive control (7.5% ethanol and latex extracts) and negative 
control solutions (EMEM and DPBS) and incubated for another 2 days. At the end of the 
test period, cells were harvested, counted using a Cell Viability Analyzer (Vi-cell XR, 
Beckman coulter) and compared with cell numbers in negative control (EMEM) plates. 
Positive controls were expected to show greater than 70% inhibition to indicate the assay 
was valid. Three independent samples of each degradation product were tested. The 
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CGI = $%
$
   , ( 2.5 ) 
  
where ns and nc are the number of cells in the sample and media control dishes, 
respectively. 
2.4.10.2 PC12 Cell growth inhibition (%) 
Routine cell-culture 
PC12 cells (American Type Tissue Collection cell line) were cultured in either DMEM 
supplemented with 5% (v v-1) foetal bovine serum and 10% (v v-1) horse serum at 37 0C 
in a humidified atmosphere at 5% CO2. Cells were checked for possible infections and 
sub-cultured in fresh DMEM (1:5 dilution) every 3 days. The cells were harvested at 50-
70% of confluence and washed twice with DPBS, and then trypsinized with 0.5% trypsin 
for not less than 5 min. The resulting cells suspension together with old DMEM media 
(collected before washing with DPBS), was centrifuged (1500 rpm for 5 min) and re-
suspended in fresh DMEM followed by cell counting with hemocytometer (Hausser 
Scientific, USA).  
PC12 Cell growth inhibition Assay 
The same procedure as in L929 cell growth inhibition assay was followed, except DMEM 
supplemented with 5% (v v-1) foetal bovine serum and 10% horse serum was used as the 
medium. PC12 cells can be found both in adherent and free-floating (suspended in the 
medium) mode. Therefore during the cell growth inhibition study, at day 2 (where DMEM 
is replaced with test solutions) and day 4 (where cells are suspended for cell count), the 
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At the end of test period (day 4), 1 ml of lysis buffer (0.1% sodium dodecyl sulphate 
(SDS) + Tris-EDTA buffer (TE)) was added to each plate (D=35 mm) and kept in the 
shaker  for 5 min. The number of cells in each plate was assessed using PicoGreen assay 
as follows. This assay uses an asymmetrical cyanine dye, that exhibits a >1000-fold 
fluorescence enhancement, upon binding to DNA 41. A standard curve was constructed 
for PC12 up to 4.0 x 105 cells ml-1 (linear part). A volume of 10 µl of cell suspension 
corresponds to test solution and controls at each time point was cast into the wells of 96 
well plates (in duplicate), followed by addition of 90 µl of TE buffer.  100 µl of diluted 
PicoGreen reagent (Quant-IT PicoGreen dsDNA, Life Technologies) was added to each 
well after 1:200 dilution with TE assay buffer. The 96 well plates was covered in 
aluminium foil and kept in the shaker for 5 min at room temperature.  The fluorescence 
measurements were taken for λex and λem at 485 and 520 nm, respectively, using a 
fluorescence plate reader (Fluostar Omega, BMG Labtech). 
Florescence imaging 
PC12 cells were seeded in a 96 well plate at a density of 50,000 cells/ml and incubated at 
37 0C in a humidified atmosphere at 5% CO2. The media were aspirated with test solutions 
and controls (diluted 1:3 with DMEM) after 24 hours and cells were stained for live/dead 
florescence imaging after another 48 hours as follows. A solution of 1mg/ml Calcein-AM 
in DMSO was diluted with DMEM with 10% FBS (1:200) and added to cell suspensions, 
followed by incubation at 37 oC with 5% CO2 environment for 15 min. Propidium iodide 
(PI) was diluted with DMEM with 10% FBS (1:1000) and immediately proceeded to 
florescence imaging. Green, red and phase contrast images were collected for test 
solutions and controls at each time point using a florescence microscope (Zeiss, Axiovert 
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2.4.10.3 Cytotoxicity assay by direct contact 
Murine dermal fibroblasts (L929) were seeded at 1 x 105 cells. plate-1 in EMEM 
(supplemented with 10 % FBS and 1% PS) in tissue culture dishes (diameter 35mm), and 
then incubated in a 5% CO2 humidified atmosphere at 37 ºC for 1 day to establish a sub-
confluent cell monolayer of adherent fibroblasts. After 24 hours the plates were checked 
for infection and the medium was aspired and replaced with 0.8 ml of fresh medium 
(EMEM + 10% FBS). Hydrogels, negative controls (medical grade tubing) and positive 
controls (latex glove) were placed in the centre of each plate (size of the article were 
maintained at >10% compared to growing media) and incubate for another 24 hours 
(Figure 2.5). After 24 hours the outline of the article positions is marked out on the 
underside of the plate and the articles were carefully removed. The media is removed and 
the cells were covered with 1ml of 0.4% trypan blue in PBS for approximately 1 minute. 
The stain was poured off and the plate was gently washed with PBS and approximately 
0.8 ml of PBS was poured to prevent the plate from drying. Cells were examined using 
phase contrast microscopy and the plates were assessed for cell monolayer disruption 
while handling. An article was considered to have cytotoxic effects if it produces any 
changes in cell morphology or in cell density (cell rounding/ granulation, lysis etc.). 
Assessment was carried out in comparison to null plates.  
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The scoring of the cytotoxic responses were conducted using a standard zone response 
index as follows, 












No detectable zone around or under sample 
1 Slight Zone limited to area under sample 
2 Mild Zone extends less than 0.5 cm beyond sample 
3 Moderate Zone extends 0.5 to 1.0 cm beyond sample 
4 Severe Zone extends > 1.0 cm beyond sample 
 
The grade score was recorded for each plate. A reactivity grade above 1 is indicative of a 
significant cytotoxic response (Table 2.1). A reactive grade of 1 is not considered 
cytotoxic (the physical impact of the test article can disrupt the cell monolayer without 
being cytotoxic). If it was clear that the article is moved and the outline did not reflect the 
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3CHAPTER 3 
 
MECHANICAL CHARACTERIZATION OF 
SWOLLEN GELLAN GUM HYDROGELS 
 
The behavior of swollen gellan gum hydrogels in terms of mechanical properties, weight 
loss, and cell growth inhibition of leachates is presented. Low-acyl gellan gum (LAGG), 
high-acyl gellan gum (HAGG), and a HAGG/LAGG blend were soaked in phosphate-
buffered saline (PBS) at pH 7.4 and 37 oC for up to 168 days. The gels exhibited their 
maximum mass loss and swelling after 28 days of immersion in PBS. LAGG gels 
exhibited lower value for mass loss and the chain-release diffusion coefficient than gels 
consisting of HAGG and the HAGG/LAGG blend. The change in mechanical and 
rheological characteristics during soaking of the three hydrogels was attributed to mass 
loss, while LAGG hydrogels also showed evidence of effects because of cation exchange 
with the surrounding medium. The mechanical characteristics of the LAGG, HAGG, and 
blend hydrogels relative to each other did not change during swelling (although the 
magnitude changed). L929 fibroblasts growth inhibition tests showed that the leachate 
products of the three gels can be considered noncytotoxic, which is important for their 
future application in tissue engineering.  
3.1 Mass loss and Chain release 
The behavior of GG (LAGG, HAGG, and blend) hydrogels in PBS (pH 7.4, 37 oC) was 
followed for a period of up to 168 days. The mass loss profiles (Figure 3.1) showed a 
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a slow decrease in the mass loss until the gel stabilized after 28 days. This suggests that 
the gels reached their equilibrium after 28 days and then maintained constant composition 
without further mass loss during the remainder of the test period between 28 and 164 
days.  
 
Figure 3.1: (a) Mass loss (%) and (b) volumetric swelling ratio of LAGG (diamonds), HAGG 
(triangles), and blend (squares) hydrogels immersed in PBS at 37°C for 168 days. Error bars 
represent one standard deviation (n =3). Mass loss (%) and volumetric swelling ratio calculated 
using equations 2.1 and 2.2, respectively (see. Chapter 2). 
 
The HAGG and blend hydrogels exhibited a faster mass loss rate than the LAGG gels. 
For example, in the steady mass loss period (1–14 days) the mass loss rates for LAGG, 
HAGG, and blend hydrogels were 0.25 ± 0.08% day-1, 0.37 ± 0.04% day-1, and 0.6 ± 
0.2% day-1, respectively (Figure 3.2). Over the course of the swelling period LAGG 
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168), compared to the corresponding values of 12.1 ± 0.6% and 10.0 ± 0.7% for the 
HAGG and LAGG/HAGG blend hydrogels, respectively. 
 
Figure 3.2: (a) Mass loss (%) and (b) volumetric swelling ratio of LAGG (diamonds), HAGG 
(triangles), and blend (squares) hydrogels immersed in PBS at 37°C during initial 14 days. Error 
bars represent one standard deviation (n =3). Mass loss (%) and volumetric swelling ratio 
calculated using equations 2.1 and 2.2, respectively (see. chapter 2). 
 
The steady mass loss behavior of our gels can be explained using the previously observed 
chain release behavior of GG hydrogels 355. It should be noted that these studies were 
carried out using LAGG hydrogels and immersion conditions which differ from our gels, 
that is, these gels were prepared at 10 oC, with the only cross-linking provided by the 
cations inherently present in the LAGG, that is, mainly K+ (5.03% w w-1), although 
significantly smaller amounts of Na+ (0.42% w w-1), Ca2+ (0.37% w w-1), and Mg2+  
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in water (neutral pH) and salt solutions (KCl and tetrylammonium chloride, TMAC) all 
at 10 oC. These gels prepared without addition of CaCl2 (as used in our work) are hereafter 
referred to as “LAGG-without.” The LAGG-without gels (2% w w-1) immersed in water 
exhibited a steady mass loss for up to 7 h followed by rapid mass loss in a short period of 
time leading to the collapse of the gel 355. The authors concluded that free GG chains 
(those unassociated with the gel network) are released first, while the network 
(associated) chains are released over a longer time frame 355. The latter is a result of the 
release of cross-linking ions from the gel into the surrounding solution. Because these 
ions are responsible for holding the GG network together, release of these ions results in 
dissociation of the network leading to gel collapse. Immersion of LAGG-without gels 
(2% w w-1) in KCl or TMAC solutions (10 oC) slowed down the release of chains and did 
not result in gel collapse over the duration of the immersion experiment (8 h) 355. This 
lack of erosion was attributed to the gel’s uptake of K+ ions, which facilitates the 
association of unassociated GG chains into the network resulting in a more stable gel 
structure 355. 
The mass loss profile for our GG hydrogels (immersed in PBS at 37°C) is very different 
compared to that reported in Hossain’s work 355. First, the mass profile shows a small 
increase at short time period and second, the steady mass loss period occurs over a much 
longer time scale, that is, 28 days rather than 7 h despite the higher temperature (37°C) 
of the surrounding medium used in our work. As such, the slower time period on which 
the mass loss occurs for our Ca2+ cross-linked hydrogels suggest that there is smaller 
amount of unassociated GG chains in our gels compared to that of the LAGG-without 
gels. Figure 3.3 is a schematic of the chain release behavior of Ca2+ cross-liked GG in 
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Figure 3.3: Schematic of the chain release behaviour of gellan gum (i) entangled (uncross-
linked), weakly cross-linked and cross-linked gellan gum polymer chains before immersion, (ii) 
leaching of entangled and weakly cross-linked polymer chains during rapid mass loss period (0-
28 days) and (iii) remaining cross-linked polymer chains in hydrogel during 28-168 days.  
 
The release of GG from our gels was quantified using a spectroscopic method. CD 
analysis (37°C) of extracts from the PBS medium, confirmed that LAGG leached out of 
the hydrogels over the first 28 days of immersion (Figure 3.4). The CD intensity of the 
GG characteristic band around 201 nm was used to construct a standard curve. The 
resulting proportionality constant was used to determine the LAGG concentration in the 
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Figure 3.4: (a) CD spectra of GG as a function of concentration in PBS at 37 °C and (b) CD 
intensity (ellipticity) at 201 nm as a function of GG concentration.  
 
The concentration of LAGG leached out at 28 days was 0.100 ± 0.005 mg mL−1, 
equivalent to a mass loss of 7.2 ± 0.4%. It is suggested that the difference with the 
measured mass loss by weight (5.3 ± 0.7 %, Figure 3.5b) is because of the diffusion of 
ions into the gels as a result of the cation exchange. PBS contains 137 mM Na+ compared 
to only 5 mM Ca2+ in the as-prepared gels. It is well known that the amount of divalent 
cations required to form true gels is two orders of magnitude lower than the equivalent 
amount of monovalent cations 206. Therefore, it is reasonable to expect that the gel's 
weight gain because of cation exchange will partially offset the mass loss because of GG 
chain release.  
The diffusion constant for LAGG release from the film was obtained by fitting the data 
from mass loss data and CD analysis to the expected profile for Fickian diffusion 356. 
Figure 3.5b shows that these loss profiles fit diffusion coefficients of (1.1 ± 0.2) × 10−13 
m2 s−1 (CD data) and (0.8 ± 0.1) × 10−13 m2 s−1 (mass loss data), respectively. This 
suggests that diffusion coefficients calculated based on mass loss data give a reasonable 
indication of the release of GG. A similar analysis using the mass loss data for HAGG 
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× 10−13 m2 s−1, respectively. The calculated diffusion coefficient for LAGG release from 
gel to PBS (37 °C) is two orders of magnitude slower compared to the self-diffusion 
coefficient of GG in NaCl (25 mM, 40 °C) 357. Hence, it is clear that GG mobility is 
retarded because of the effect of the GG network. 
 
Figure 3.5: (a) ellipticity at 201 nm vs. incubation time in PBS at 37°C  and (b) remaining mass 
fraction calculated using mass loss (diamonds) and CD analysis (squares) as a function of 
immersion time in PBS at 37°C. Solid line indicates theoretical prediction of calculated loss 
assuming diffusion coefficient of 1.1 × 10−13 m2 s−1.  
 
3.2 Swelling 
The volumetric swelling ratio (Figure 3.1a and b) shows similar characteristics over time 
as the mass loss profile. Within the first 4 h of immersion, all three types of gels undergo 
a significant amount of swelling. For example, HAGG hydrogels show a rapid increase 
to Q = 57 ± 2 % over 4 h of immersion, followed by a slower rate of increase (to 83 ± 3 
%) in the following 28 days of immersion. Once the hydrogels reached their equilibria in 
approximate 28 days, the swelling ratio remained constant for the remainder of the 
immersion period (up to 168 days), see Table 3.1. The relative amounts of swelling 
between the three types of hydrogels mirrors that observed for the mass loss profiles, that 
is, largest amount of swelling for HAGG, lowest for LAGG with the blend somewhere in 
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cloudy as is the blended gel (Figure 3.6). According to the manufacturer, the commercial 
production method results in the generation of cellular debris, which causes LAGG and 
HAGG to have a cloudy appearance 358. Both LAGG and HAGG can be clarified, but 
only LAGG is commercially available in a clarified form. However, HAGG's cloudiness 
could also be indicative of a phase separation 359. 
 
Figure 3.6: Photographs of typical hydrogels at (a) before immersion (t = 0) in PBS and (b) 
swollen hydrogels (after 28 days in PBS).  
The higher swelling of HAGG (compared to LAGG) can be explained using the 
difference in the proportion of chains associated with the gel network. X-ray diffraction 
and computer modeling studies have demonstrated that the intrachain hydrogen bonds 
between the glyceryl groups provide stiffness to the polysaccharide chains whereas the 
interchain hydrogen bonds between carboxylate groups stabilize the double helix 
202,203,360.  
Table 3.1: Average Mass Loss (ML,stable) and Average Volumetric Swelling Ratio (Qstable) During 
the Stable Immersion Period (28–168 days) in PBS at 37°C. HAGG, high-acyl gellan gum; 
LAGG, low-acyl gellan gum; ML,stable, average mass loss; Qstable, average volumetric 
swelling ratio. 
Hydrogel ML,stable (%) Qstable (%) 
LAGG 5.3 ± 0.7 64 ± 2 
HAGG 12.1 ± 0.6 83 ± 3 
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 In HAGG, the presence of bulky acyl substituents in the interior of the double helix, 
changes the chain conformation (because of steric hindrance) resulting in HAGG having 
a lower proportion of chains associated with the gel network compared to LAGG 203,360. 
As a result, the HAGG network will not be cross-linked to the same degree as LAGG 
network resulting in weaker mechanical characteristics (discussed below). Although there 
are many approaches for explaining the swelling of polyelectrolyte gels 361, it is 
reasonable to assume that swelling decreases with increasing degree of cross-linking. 
Hence, HAGG will exhibit a higher degree of swelling than LAGG. 
 
3.3 Rheological testing 
The mechanical properties of the hydrogel samples were tested under shear stress using 
rheology, that is, the effect of the strain rate was tested by increasing the strain amplitude 
from 0.01% to 100%, while keeping the angular frequency at 5 Hz. All hydrogels 
exhibited amplitude sweeps with a clear plateau of storage (G′) and loss (G″) moduli 
(Figure 3.7). This region is commonly referred to as the linear viscoelastic region (LVE) 
region during which the polymer network undergoes reversible deformation 362. 
 
Figure 3.7: Amplitude sweeps of LAGG (diamonds), HAGG (triangles), and blend (squares) 
hydrogels at a frequency of 5 Hz at 37 °C (a) prior to immersion and (b) after 28 days of immersion 
in PBS at 37 °C. Storage and loss modulus for the respective gels are indicated by filled and open 
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The higher values of G′ compared to G″ in this region indicate the presence of a well 
cross-linked polymer network. At higher strain values (beyond the plateau region), the 
storage/loss moduli become dependent on strain. Previous studies on Ca2+ cross-linked 
polysaccharide (alginate) hydrogels attributed this to separation of the ionic cross-linking 
sites 86,363. As such the end of the LVE region corresponds to the maximum shear stress 
(τmax) and shear strain (γmax) the hydrogel can be subjected to (under shear conditions), 
before the gel network starts to break down. Figure 3.7 and Table 3.2 show that the as-
prepared gels exhibit the expected mechanical characteristics, that is, LAGG is brittle 
(low γmax), HAGG is ductile (high γmax), and the blend lies somewhere in between. 
Similarly, the G′, G″, and τmax values are all largest for LAGG and smallest for HAGG. 
During the swelling period, LAGG exhibited increases in storage modulus (from 184 ± 25 
kPa to 211 ± 8 kPa), γmax (from 0.150 ± 0.002% to 0.240 ± 0.04%), and τmax (from 
153 ± 19 Pa to 178 ± 39 Pa). The changes in these properties over the course of the 
immersion period can be attributed to the loss of polymers to the surrounding medium 
(polymer leaching) and exchange of cations with the surrounding medium. The observed 
increases in storage/ loss moduli and maximum shear strain/stress may indicate that cross-
link density in the swollen gels has been optimized (i.e., increased) compared to the as-
prepared gels. In contrast, HAGG is insensitive to changes in the ionic environment, with 
the observed reductions in τmax (from 451 ± 42 Pa to 15.1 ± 1 Pa) and γmax (from 
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Table 3.2: Rheological results of hydrogels immersed in PBS at 37 oC. The maximum shear stress 
(τmax), maximum shear strain (γmax) storage modulus (G’) and loss modulus (G”) are shown as a 
function of hydrogel type and time. The naming convention for the sample name is “hydrogel 
type-days immersed“. For example LAGG-28 indicates a low-acyl gellan gum hydrogel 
immersed for 28 days. The height of gels used in rheological and compression testing was 5 mm 
and 10 mm, respectively. 








    
 
 
 LAGG - 0 153 ± 19 0.15 ± 0.002 184 ± 25 6.7 ± 1.1 
LAGG - 1 154 ± 73 0.15 ± 0.05 158 ± 38 5.9 ± 0.4 
LAGG - 3 224 ± 18 0.12 ± 0.03 241 ± 7 10.1 ± 0.2 
LAGG - 7 274 ± 02 0.16 ± 0.08 267 ± 44 10.4 ± 0.8 
LAGG - 14 297 ± 153 0.23 ± 0.12 233 ± 52 10.2 ± 0.7 
LAGG - 21 173 ± 24 0.17 ± 0.07 207 ± 24 9.1 ± 2.2 
LAGG - 28 178 ± 39 0.24 ± 0.04 211 ± 8 11.1 ± 1.7 
     
HAGG - 0 451 ± 42 58.5 ± 13.4 1.0 ± 0.07 0.05 ± 0.003 
HAGG - 1 189 ± 57 19.1 ± 5.1 1.0 ± 0.01 0.03 ± 0.005 
HAGG - 3 164 ± 21 13.0  ± 3.5 1.3 ± 0.1 0.03 ± 0.004 
HAGG - 7 94 ± 13 8.8 ± 2.4 1.0 ± 0.1 0.04 ± 0.008 
HAGG - 14 76 ± 8 8.9  ± 2.5 1.1 ± 0.06 0.02 ± 0.001 
HAGG - 21 108 ± 6 9.9 ± 0.007 1.1 ± 0.07 0.02 ± 0.006 
HAGG - 28 15 ± 1 13.5 ± 0.3 1.1± 0.1 0.07 ± 0.006 
     
blend - 0 231 ± 45 1.23 ± 0.33 19.3 ± 1.5 0.5 ± 0.07 
blend - 1 208 ± 4 2.16 ± 0.007 14.4 ± 0.2 0.4 ± 0.02 
blend - 3 244 ± 46 2.66 ± 0.71 14.1 ± 0.9 0.4 ± 0.03 
blend - 7 196 ± 37 1.91 ± 0.38 15.3 ± 0.9 0.4 ± 0.03 
blend - 14 189 ± 41 2.03 ± 0.17 15.7 ± 0.8 0.4 ± 0.03 
blend - 21 154 ± 0.4 0.70 ± 0.2 17.5 ± 0.1 0.4 ± 0.06 
blend - 28 135 ± 61 1.57 ± 0.78 14.6 ± 1.1 0.4 ± 0.01 
 
 
An assessment of the frequency dependent behavior during immersion (Figure 3.8 and 
Table 3.2) showed a linear correlation (up to 100 Hz) for all three gel types, except for 
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at 10 Hz and this was attributed to the gradual breakdown of the network structure of 
HAGG hydrogel when immersed in PBS at 37 oC. 
 
Figure 3.8: Frequency sweeps of LAGG (diamonds), HAGG (triangles), and blend (squares) 
hydrogels at a strain of 0.1% at 37°C (c) prior to immersion and (d) after 28 days of immersion 
in PBS at 37°C. Storage and loss modulus for the respective gels are indicated by filled and open 
symbols, respectively.  
 
3.4 Compression Testing 
Hydrogel samples were tested for their mechanical properties under compression at 37°C. 
From the resulting compressive stress–strain plots (Figure 3.9a and b), the tangent 
modulus (Et), stress-at-failure (σf), and strain-at-failure (εf) and strain energy to failure 
(U) values were determined (Table 3.3).  
After 28 days of degradation, all gels have become more elastic, but only LAGG 
hydrogels increase their ductility (Figure 3.9c). For example, the strain-at-failure value 
for LAGG hydrogels increases from 29 ± 1% to 47 ± 4% over the course of 28 days of 
immersion. In contrast, the corresponding values for HAGG hydrogels are unchanged, 
that is, 68 ± 6% compared to 66 ± 14%. LAGG, HAGG, and the blended gels exhibited a 
reduction in tangent modulus values during swelling of approximately 50%, 85%, and 
15%, respectively. The magnitude of the stress-at-failure increased for LAGG hydrogels 
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the same. For example, the stress-at-failure values for HAGG gels prior to and after 
swelling are 50 ± 8 and 48 ± 10 kPa.  
 
Figure 3.9: Typical compressive stress–strain curves for LAGG, HAGG, and blend (a) before 
immersion and (b) after 28 days of immersion. (c) Compressive strain at failure vs. compressive 
stress at failure (during 28 days of immersion) of LAGG (diamonds), HAGG (triangles), and 
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The relative mechanical characteristics have been preserved during swelling (Figure 3.9c), 
that is, at the end of the mass loss period (28 days of immersion). LAGG hydrogels are 
stiffer but less ductile than HAGG hydrogels with the blend somewhere in between. The 
observed increases in strain and stress-at-failure value for LAGG supports the suggestion 
that the density of the cross-links in the gel immersed for 28 days has been optimized 
compared to the as-prepared gels. 
Table 3.3: Compression results of hydrogels immersed in PBS at 37 oC. The stress-at-failure (σf), 
strain-at-failure (εf), tangent modulus (Et,  calculated using the slope of a linear fit of the stress-
strain plot at 15-25% strain) and strain energy to failure (U) are shown as a function of hydrogel 
type and time. The naming convention for the sample name is “hydrogel type-days immersed“. 
For example LAGG-28 indicates a low-acyl gellan gum hydrogel immersed for 28 days. The 
height of gels used in rheological and compression testing was 5 mm and 10 mm, respectively. 
Sample σf  
[kPa] 







     
LAGG - 0 130 ± 5 29 ± 1 535 ± 18 19 ± 0.4 
LAGG - 1 108 ± 6 42 ± 1 295 ± 54 22 ± 2 
LAGG - 3 124 ± 28 52 ± 4 234 ± 5.1 33 ± 8 
LAGG - 7 126 ± 12 40 ± 9 324 ± 55 26 ± 7 
LAGG - 14 130 ± 35 36 ± 8 315 ± 31 25 ± 11 
LAGG - 21 172 ± 32 53 ± 7 235 ± 1.7 41 ± 9 
LAGG - 28 164 ± 32 47 ± 4 277 ± 13 40 ± 11 
     
HAGG - 0 50 ± 8 68 ± 6 87 ± 2.7 17 ± 6 
HAGG - 1 58 ± 12 73 ± 4 6.9  ± 1.1 21 ± 8 
HAGG - 3 40 ± 12 73 ± 4 18.1 ± 2.2 15 ± 3 
HAGG - 7 46 ± 6 61 ± 3 21.3 ± 1.9 14 ± 6 
HAGG - 14 73 ± 32 66 ± 1 9 ± 1.2 24 ± 9 
HAGG - 21 48 ± 1 63 ± 1 10.5 ± 0.4 15 ± 2 
HAGG - 28 48 ± 10 66 ± 14 11.4 ± 3.1 15 ± 5 
     
blend - 0 71 ± 11 48 ± 3 110.5 ± 1.7 17 ± 5 
blend - 1 69 ± 1 55 ± 2 68.7 ± 5.1 19 ± 5 
blend - 3 68 ± 3 56 ± 2 71.6 ± 2.6 19 ± 9 
blend - 7 76 ± 3 60 ± 1 57.8 ± 4.8 23 ± 4 
blend - 14 92 ± 2 60 ± 2 71.3 ± 7.1 27 ± 7 
blend - 21 85 ± 4 56 ± 2 84.8 ± 7.3 24 ± 1 
blend - 28 76 ± 12 53 ± 2 
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3.5 L929 Cell Inhibition Assay 
A L929 CGI assay was carried out for 28 days. CGI was calculated with respect to the 
negative control (EMEM media) and all the GG extracts were found to be noncytotoxic 
during the test period (Figure 3.10a). For example, after 28 days of immersion (t = 28 
days), the CGI values of the LAGG, HAGG, and blend hydrogels are 11.2 ± 3.6%, 
15.4 ± 2.5%, and 12.6 ± 1.1%, respectively. The toxicity of the positive controls on L929 
cell growth was clear, given the severe increase in CGI (85% for latex extract) compared 
to the negative control (<10%). 
 
 
Figure 3.10: (a) CGI (%) of L929 fibroblasts in LAGG, HAGG, and blend extracts when 
incubated in DPBS at 37°C. Error bars represent one standard deviation calculated from three 
independent samples. Statistical analysis through a two-tailed Student's t-test showed that LAGG, 
HAGG, and blend data sets were statistically different (*P < 0.001). (b) GG concentration as a 
function of CGI for LAGG, HAGG, and blend extracts. GG concentration in DPBS extracts is 
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The CGI of hydrogels was found to be proportional to mass loss, that is, CGI values 
increased with increasing GG concentration (cGG) in the degradation medium (Figure 
3.10b). The data at t = 7 days for HAGG (CGI = 27 ± 6%, cGG = 0.30 ± 0.08 mg mL−1) and 
blended hydrogel (CGI = 17 ± 8%, cGG = 0.30 ± 0.16 mg mL−1) does not appear to fit with 
the overall trend. However, the overall trend clearly shows that the gels with the highest 
mass loss (HAGG at t = 28 days, cGG = 0.60 ± 0.18 mg mL−1) exhibit the highest CGI 
value. Whereas, the CGI value is the lowest for the gel with the smallest mass loss (LAGG 
at t = 1 day, cGG = 0.030 ± 0.003 mg mL−1). In others, CGI increases with amount of GG 
released. This could suggest that small amount of released GG do not have any adverse 
effect on the cells, but larger amount may influence their behavior. Therefore, it is 
important for future application of these materials concerning cell interaction (e.g., tissue 
engineering) to control the amount of GG that is released. 
The data shown in Figure 3.10b can also be used to explain the relative differences in 
CGI between the gels at a particular immersion time. For example, at t = 28 days cGG 
values of LAGG (0.20 ± 0.04 mg mL−1), HAGG (0.60 ± 0.18 mg mL−1), and the blend 
(0.50 ± 0.07 mg mL−1) are consistent with the corresponding CGI values 11.2 ± 3.6%, 
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3.6 Conclusions 
We have established the mechanical characteristics of three types of swollen hydrogels 
consisting of LAGG, HAGG, and a LAGG–HAGG blend. It was found that these gels 
exhibited mass loss for 28 days and then remained stable for the remaining period of the 
study (an additional 140 days). LAGG showed a lower mass loss (5.3 ± 0.7%) compared 
to that of HAGG (12.1 ± 0.6%). The mass loss was attributed to polymer leaching (chain 
release), which was partially offset by the influx of ion because of cation exchange with 
the surrounding medium. Rheological and compression testing during the rapid mass loss 
period (up to 28 days) showed that the LAGG, HAGG, and blend hydrogels retained their 
mechanical characteristics relative to each other, that is, LAGG gels are stiffer and less 
ductile than HAGG and the blend gels. The leachates of all three hydrogels were found 
to be noncytotoxic during the testing period, CGI values were 11.2 ± 3.6% (LAGG), 
15.4 ± 2.5% (HAGG), and 12.6 ± 1.1% (blend). This article contributes to understanding 
of mechanical properties and cytotoxity of fully swollen GG hydrogels, which is an 














The behaviour of swollen interpenetrating polymer network (IPN) hydrogel consisting of 
gellan gum is presented in terms of mechanical properties, weight loss and cell growth 
inhibition of leachates. This IPN hydrogel developed by our research group 171 is based 
on an ionically cross-linked gellan gum network and covalently cross-linked 
poly(acrylamide) network and exhibits the properties of an ionic-covalent entanglement 
(ICE) hydrogel. Compared to mechanical properties of respective single network gels 
(GG and PAAm), GG/PAAm ICE hydrogel displayed double network behaviour with 
significantly improved mechanical properties such as high extensibility, toughness and 
recovery from the large strains (absorb impacts without permanent damage) 171. At 
failure, the GG/PAAm hydrogels can withstand 2 and 13 times more stress than the 
corresponding GG and PAAm gels 171.  
In present work, GG/PAAm hydrogels were incubated in phosphate-buffered saline 
(37°C, pH 7.4) for up to 42 days. The gels exhibited their maximum mass loss and 
swelling after 7 days of immersion in PBS. The change in mechanical characteristics was 
attributed to mass loss and swelling. The mechanical characteristics of the GG/PAAm 
ICE gels did not change during swelling (although the magnitudes changed). L929 
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the GG/PAAm gels can be considered noncytotoxic, which is an important step towards 
their future application in tissue engineering. 
 
4.1 Mass loss and mass swelling ratio  
GG/PAAm hydrogels were synthetized using a simultaneous network formation 
technique as detailed in experimental (Chapter 2). Gellan gum and polyacrylamide are 
water soluble and are able to form miscible solutions. The water solubility of gellan gum, 
acrylamide, bis-acrylamide, potassium persulphate, and CaCl2, together with the 
specificity of Ca+2 for gellan gum and bis-acrylamide for acrylamide, makes the 
simultaneous formation of GG/PAAm ICEs possible. GG/PAAm ICE hydrogels reported 
here are clear and transparent, indicating the absence of phase separation (Figure 4.6), 
whereas PAAm gels were macroscopically inferior in structural integrity (flaccid) 
compared to GG/PAAm hydrogels (Figure 4.1c). 
The mass loss profile of GG/PAAm showed a 3% mass gain after 4 hours followed by a 
steady mass loss (ML = 5.7 ± 1.2%) until the gel stabilized after 7 days (Figure 4.2a). This 
suggests that the gel reached its equilibrium after 7 days, and then maintained constant 
composition without further degradation (mass loss) during the remainder of the test 
period between days 7 and 42 (average ML = 5.9 ± 4.1%). In the steady mass loss period 
(1-7 days), GG/PAAm showed a mass loss rate of 0.5 ± 0.04 % day-1 and after 7 days of 
immersion, GG/PAAm hydrogels exhibits an average mass loss of 5.1 ± 0.7%. This 
suggests that the GG/PAAm network remains intact or have a very low degradation 
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Figure 4.1: Optical images of GG/PAAm (left side images of a and b) and PAAm (right side 
images of a and b) hydrogels immediately after preparation and (c) the macroscopic view of 
PAAm (left) and GG/PAAm hydrogel cylinders. 
  
The mass swelling profile of GG/PAAm was proportional to the mass loss profile, i.e. 
with increasing mass loss, the swelling ratio increased. Within 4 hours of incubation, 
GG/PAAm hydrogels undergo rapid swelling (q = 23.8 ± 0.6 %). This was followed by a 
slow increase until reaching equilibrium after 7 days (25.5 ± 0.9 %). The swelling ratio 
remained constant for the remainder of the study (42 days), see Figure 4.2b.  
The swelling characteristics of a hydrogel are crucial in designing hydrogel materials for 
tissue engineering, i.e. the amount of water imbibed within the hydrogel controls the 
diffusion properties of hydrogel, which in turn determines the micro-architecture and 
mechanical properties of these gels 321. Hydrogel swelling is controlled by the cross‐
linking density, where the decrease of cross-linking density, increases the water 
absorption/swelling capability 52,69,364,365. Therefore, the swelling results indicate that the 
cross-linking density of the ICE gel decreased up to 7 days of immersion and remained 
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Figure 4.2: (a) Mass loss (%) and (b) mass swelling ratio (q) of GG/PAAm ICE hydrogels 
incubated in PBS at 37 
0
C for 42 days. Error bars represent one standard deviation (n =3). Mass 
loss (%) and mass swelling ratio calculated using equations 2.1 and 2.3, respectively (see Chapter 
2). 
 
4.2 Circular dichroism spectroscopy 
The release of gellan gum from GG/PAAm gels was quantified using CD spectroscopy. 
CD analysis (37 °C) of PBS extracts collected at 1, 3, 5 and 7 (steady mass loss period), 
was used to determine the leaching of gellan gum from GG/PAAm hydrogels (Figure 
4.3).  
A standard curve prepared for GG (see Chapter 3) and the resulting proportionality 
constant was used to determine the gellan gum chain release and the remaining mass 
fraction of the GG/PAAm gel. The maximum GG concentration is 0.18 ± 0.009 mg ml-1 
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with the measured mass loss by weight (5.4 ± 1.5%, Figure 4.1.2a) is considered to be the 
net result of two different phenomena; i.e. cation exchange with the surrounding medium 
(see chapter 3 for detailed discussion) and the leaching of uncross-linked and weakly 
cross-linked polymers from the PAAm network (which are not represented in the CD 
results).  
 
Figure 4.3: (a) ellipticity at 201 nm of GG/PAAm extracts vs. incubation time in PBS at 37 ºC 
and (b) remaining mass fraction calculated using mass loss (diamonds) and circular dichroism 
analysis (squares) as a function of immersion time in PBS at 37 ºC. Solid line indicates theoretical 
prediction of calculated loss assuming diffusion coefficient of 1.3 x 10-13 m2 s-1.  
 
The diffusion constant for GG release from the hydrogel was obtained by fitting the data 
from mass loss and CD analysis to the Fickian diffusion profile 356. The remaining mass 
profiles fit coefficients (1.3 ± 0.3) x 10-13 m2 s-1 (by CD) and (1.2 ± 0.4) x 10-13 m2 s-1 (by 
mass loss), respectively (Figure 4.3). This suggests that diffusion coefficients calculated 
based on mass loss data give a reasonable indication of the chain release from the 
GG/PAAm gel, i.e. chain release from the PAAm network appears to be negligible. The 
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4.3 UV-Visible Spectroscopy 
The application of PAAm hydrogels in the field of tissue engineering, has been a topic of 
conversation due to the possible breakdown into toxic monomers such as acrylamide and 
acrylic acid. There seems to be a clear cut difference of opinion over the breakdown 
products of PAAm. Some studies reported PAAm can degrade to acrylamide by thermal, 
irradiation and photolytic effects 366-368, whereas other studies showed that acrylamide is 
not released from PAAm during degradation 369,370. The possible leaching of acrylamide 
and acrylic acid from GG/PAAm gels was analysed using UV-Visible spectroscopy 
(Figure 4.4a-d).  
Since acrylamide is a derivative of carboxylic acid, it has a maximum absorption within 
the wavelength range 195–205 nm 371. The UV intensity of the acrylamide characteristic 
band around 198 nm was used to construct a standard curve (Figure 4.4a-b). The resulting 
proportionality constant was used to determine the acrylamide concentration in the 
surrounding medium (PBS).  
UV analysis (37 °C) of extracts from the PBS medium, showed a maximum concentration 
of 2.3 ± 0.02 µg ml-1 after 7 days of incubation and remained relatively constant between 
7 and 28 days. The maximum acrylamide concentration detected (2.3 ± 0.007 µg ml-1 at 
7-28 days; Figure 4.4c-d) was 304 times lower than the cytotoxicity limit of acrylamide 
(10 mM or 700 µg ml-1) on rabbit synovial fibroblasts exposed for 24 hours 372. The 
degradation product acrylic acid was not detected as the acrylic acid characteristic UV 
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Figure 4.4: (a) UV-Visible spectrum of acrylamide, (b) absorbance @ 198 nm verses acrylamide 
concentration (straight lie is a linear fit for the absorbance data which used to calculate the 
proportionality constant) (c) UV-Visible spectra of extracts with increasing incubation times and 
(d) acrylamide concentration (µg ml-1) in extracts with increasing incubation times. 
 
 
Figure 4.5: (a) UV-Visible spectrum of GG/PAAm extracts between 200-800 nm and (b) UV-
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4.4 Compression testing  
ICE hydrogel samples were tested for their mechanical properties under compression at 
37 °C. From the resulting compressive stress-strain plots (Figure 4.6 a and b), the tangent 
modulus (Et,), stress at failure (σf), strain at failure (εf) and strain energy to failure (U) 
values were determined (Table 4.1). Soon after preparation, GG/PAAm gels showed 
stress at failure and strain at failure of 196 ± 73 kPa and 47 ± 5 %, respectively.  
 
Figure 4.6: Typical compressive stress-strain curves for GG/PAAm (a) before incubation, and 
(b) after 28 days of incubation. (c) Compressive strain at failure vs. compressive stress at failure 
(during 28 days of immersion) of GG/PAAm. 
 
The magnitudes of the compressional mechanical properties decreased up to 7 days of 
immersion, i.e. stress at failure and tangent modulus are decreased by 19 % and 7 % after 
7 days immersion in PBS at 37 °C. During 7-28 days, GG/PAAm gels retained their 
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stress at failure and strain at failure were 154 ± 6 kPa and 49 ± 3 % respectively, whereas 
the average magnitudes of tangent modulus and strain energy to failure were 375 ± 77 
kPa and 36 ± 8 kJ m-3.  
Table 4.1: Compression results of GG/PAAm hydrogels incubated in PBS at 37 
o
C. The tangent 
modulus (Et, calculated using the slope of a linear fit of the stress-strain plot at 15-25% strain), 
stress-at-failure (σf), strain-at-failure (εf) and strain energy to failure (U) are shown as a function 
of hydrogel type and time. The naming convention for the sample name is “hydrogel type-days 
incubated”. For example GG/PAAm-28 indicates a GG/PAAm hydrogel incubated for 28 days. 
 
Sample σf (kPa) εf (%) Et (kPa) U ( kJ m-3) 
 
GG/PAAm - 0 
 
196 ± 73 
 
47 ± 5 
 
441 ± 43 
 
40 ± 10 
GG/PAAm - 1 167 ± 19 46 ± 5 410 ± 70 38 ± 6 
GG/PAAm - 3 180 ± 13 48 ± 3 410 ± 67 43 ± 3 
GG/PAAm - 7 158 ± 23 49 ± 4 410 ± 37 36 ± 6 
GG/PAAm - 14 156 ± 34 47 ± 7 353 ± 76 32 ± 8 
GG/PAAm - 21 149 ± 18 52 ± 3 343 ± 77 39 ± 3 
GG/PAAm - 28 156 ± 6 48 ± 2 394 ± 11 
 
37 ± 3 
     
 
PAAm gels are synthesized in linear or cross-linked form, where the linear PAAm are 
known to undergo subsequent degradation. The PAAm gels contains network synthesized 
of acrylamide (AAm) monomers, whose structure consists of a carbon double bond and 
a -CONH2 group. In the absence of additional physical or chemical cross-links and at high 
pH, the -CONH2 groups become hydrolyzed, causing repulsion between the resulting 
charged carboxylate groups 374. This extends  the polymer chains which creates large 
spaces within the gel to absorb water molecules causing uncontrollable swelling 375. 
Therefore, swollen gels of liner PAAm are extremely fragile and break easily. In contrast, 
PAAm network in GG/PAAm is covalently cross-linked and therefore inherit physical 
and mechanical stability which retained during hydrolytic degradation conditions 
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higher moduli and strengths than corresponding single network gels 171, whereas before 
immersion, stress at failure and tangent modulus (15 % 25 % strain) of GG/PAAm gels 
were 196 ± 73 kPa and 441 ± 5 kPa, respectively, which is 7 and 259 times higher than 
the as prepared PAAm gel 171. After 28 days immersion, the GG/PAAm gels remained 
intact without progressing into dissolution (Figure 4.6 and Table 4.1). For example, after 
28 days immersion the stress at failure and tangent modulus (15% - 25% strain) of 
GG/PAAm gels were 156 ± 6 kPa and 48 ± 2 kPa, respectively, which is 11 and 303 times 
higher than the PAAm gels (see appendix). Generally, GG/PAAm maintained its relative 
mechanical characteristics in physiological conditions (PBS at 37oC) up to 28 days, i.e, 
no significant change of mechanical moduli and strengths (Figure 4.6c and Table 4.1). 
The mechanical properties of the ICE hydrogel was found to be directly proportional to 
its swelling, i.e. the moduli and strengths of compression decreased with increasing 
swelling and remained relatively constant at equilibrium swelling (Figure 4.7). For 
example, up to 7 days of incubation the stress at failure and tangent modulus of 
GG/PAAm decreased by 19% and 7% respectively, and remained relatively constant at 
equilibrium swelling (average 154 ± 6 kPa and 375 ± 77 kPa, respectively).  
The mechanical strength of a hydrogel is determined almost entirely by the cross-links in 
the system 376. Particularly in the swollen state where the physical entanglements are 
nearly non-existent, the strength of the material is highly dependent on the cross-linking 
density. Therefore it is suggested that the physical entanglements of GG/PAAm ICE gels 
disentangle after 7 days of immersion in PBS at 37 oC, leaving the cross-links (both ionic 






Characterization of Swollen Gellan Gum/Poly(acrylamide) Hydrogels  
CHAPTER 4 
 
Figure 4.7: Swelling ratio vs. (a) compressive stress, (b) compressive stain, (c) tangent modulus 





Different tissues have different tissue regeneration rates and different mechanical 
properties. For instance, stiffness of solid tissues in the body can range from 1 kPa for the 
liver to 2 MPa for cartilage 377. A hydrogel with high mechanical strength is attractive in 
tissue engineering applications acquiring permanent or long term stability upon 
implantation such as tissue engineering of cartilage and surgical repair of anatomical 
defects such as hernia and cardio-thoracic applications.  
4.5 Cyclic testing 
Cyclic mechanical loading test was performed to recapitulate the physical environment 
of a tissue engineered material after implantation 378-380. The compression cyclic test for 
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Along the cyclic test regime, the tangent moduli of the loading and unloading cycles of 
ICE gels gradually decreased (Figure 4.8 and Table 4.2). The results indicate that the 
mechanical characteristics of GG/PAAm gels reduced during the first 10 cycles and 
remained constant thereafter (10-20 cycles). For example, before immersion Et of 
GG/PAAm gels decreased by 50% (loading) and 42% (unloading) after 10 cycles and 
remained constant between 10-20 cycles (average of 236 ± 14 kPa and 511 ± 23 kPa for 
loading and unloading cycles, respectively). These results suggest that the breakage of 
physical interactions occurred during the first 10 cycles, whereas the cross-linked 
structure remained unaffected in following cycles (10-20 cycles). After 28 days of 
immersion, GG/PAAm gels retained the mechanical characteristics, i.e. tangent moduli 
of the loading and unloading cycles followed a similar trend along the cyclic testing 
regime (Figure 4.5.1c-d).  
 
Figure 4.8: The Et of GG/PAAm hydrogels at 15-25% strain, calculated for the cyclic testing 
regime before immersion [(a) loading and (b) unloading] and after 28 days immersion [(c) loading 
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The mechanical behavior (by the cyclic test) of the investigated gels were found to be 
proportional to the mass swelling, i.e. average E
t 
 of the loading and unloading cycles of 
GG/PAAm gels decreased with increasing swelling and remained relatively constant at 
equilibrium swelling. For example, up to 7 days of incubation the average Et of 
GG/PAAm decreased by 7 ± 4% (load) and 2 ± 3% (unload), and remained relatively 
constant at equilibrium swelling, where average values were 297 ± 14 kPa (load) and 619 
± 28 kPa (unload); see appendix.  
Table 4.2: Et of GG/PAAm hydrogels, calculated for the cyclic testing regime (load and unload) 
before immersion.  
 
Cycle number Et (load) Et (unload) 
  (kPa) (kPa) 
1 704 ± 65 961 ± 96 
2 495 ± 57 859 ± 48 
3 411 ± 86 772 ±  37 
4 385 ± 34 690 ± 56 
5 336 ± 97 669 ± 29 
6 306 ± 104 696 ± 39 
7 319 ± 32 659 ± 58 
8 296 ± 37 612 ± 37 
9 297 ± 39 625 ± 57 
10 293 ± 68 555 ± 75 
11 269 ± 37 558 ± 73 
12 250 ± 45 602 ± 35 
13 272 ± 51 575 ± 34 
14 263 ± 39 549 ± 46 
15 264 ±  12 591 ± 65 
16 247 ±14 521 ± 21 
17 232 ± 54 566 ± 26 
18 255 ± 32 542 ± 45 
19 245 ± 21 520 ±  32 
20 249 ± 25 561 ± 23 
 
 
Previous studies on the polysaccharide/acrylate hybrid gels showed a slow recovery effect 
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under cyclic loading 164,381. A recent study on cyclic tensile testing of an 
alginate/poly(acrylamide) ICE gel have attributed its mechanical performance to the ionic 
cross links in the biopolymer network which act as sacrificial bonds that dissipate energy 
under stress 175. Similarly, it is suggested that the ionic bonds present in the GG network 
(of GG/PAAm gels reported in this work) act as sacrificial bonds during the first 10 cycles 
of loading whereas the more ductile, covalently cross-linked PAAm network continue to 
sustain the network structure in following cycles (10-20 cycles).  
 
4.6 L929 Cell growth inhibition assay 
L929 cell growth inhibition assay was carried out for GG/PAAm extracts collected for 28 
days (see chapter 2 for details). This assay determines the number of L929 cells that are 
growing in the absence or presence of cytotoxic agents. Cell growth inhibition (CGI) was 
calculated with respect to the negative control (EMEM media). The toxicity of the 
positive controls on L929 cell growth was clear, given the severe increase in cell growth 
inhibition (85 % for latex extract) compared to the negative control (< 10%). All 
GG/PAAm extracts were found to be non-cytotoxic during the test period (Figure 4.9 a). 
For example, after 28 days of immersion (t = 28) the cell growth inhibition values of 
GG/PAAm hydrogels are 17.6 ± 6.4 %.  
The cell growth inhibition of GG/PAAm hydrogels was found to be proportional to the 
mass loss, i.e. CGI values increased with increasing leachate concentration (GG and 
acrylamide) and remained constant after maximum mass loss (Figure 4.9 a). The CGI was 
rapidly increased during the first 7 days of incubation (CGI = 19.3 ± 2.6 %). This could 
be related to the leaching of GG (0.18 ± 0.01 mg ml-1) and acrylamide (2.3  ± 0.03 µg ml-
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remained relatively constant as the chain release equilibrated at 7 days of incubation, i.e. 
cell growth inhibition increases with amount of gellan gum and acrylamide released. This 
could suggest that small amount of released GG and traces of acrylamide do not have any 
adverse effect on the cells, but larger amount may adversely affect their behavior. 
Therefore, it is important to control the leachate concentration for future application of 
these materials applications involving cell interactions (e.g. tissue engineering). 
 
Figure 4.9: (a) Cell growth inhibition (%) of L929 fibroblasts in GG and GG/ PAAm extracts 
when incubated in DPBS at 37 
o
C and (b) the relationship between L929 cell growth inhibition 
(%)  and GG (blue) and acrylamide (red) detected in GG/ PAAm extracts when incubated in 
DPBS at 37 oC. Error bars represent one standard deviation calculated from three independent 
samples. Statistical analysis through a two-tailed Student’s t-test showed GG/ PAAm data sets 
were statistically different (*p<0.001). Gellan gum and acrylamide concentration in DPBS 
extracts is calculated using CD and UV-Visible data. 
 
Florescence imaging was conducted for L929 fibroblasts which was exposed to 
GG/PAAm extracts for 48 hours (see chapter 2). Feline L929 fibroblasts are large, spindle 
shaped, adherent cells growing as a confluent monolayer 382. The images show that cells 










    
Figure 4.10: Fluorescence micrographs of Calcein and PI stained L929 cells on  (a) DPBS, GG/ 
PAAm hydrogel leachates at (b) t=14 and (c) t=28, and latex extracts at (d) t=14 and (e) t=28. 
Metabolically active (live) cells are stained green with Calcein-AM and dead cells are stained red 
with PI. Scale bar represent 200µm.  
 
The images supports the results obtained from L929 cell viability assay. For example, 
CGI increased during 0-7 days, remained fairly constant between 7-28 days and likewise 
cell density decreased within 7 days incubation (Figure 4.10a and b) and no evident 
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28 days of incubation (see Figure 4.10 b and c). Low number of living cells and high 
number of dead cells were observed for latex extracts at 28 days compared to the extract 
at 14 days (Figure 4.10 d and e), which is in agreement with  CGI for positive control 
(increased from 70.3 ± 3.7%  to 87.5 ± 0.7% from 14 to 28 days).   
 
4.7 PC12 Cell growth inhibition assay 
PC12 serve as an effective in vitro model for studying the mechanisms of apoptosis and 
neurotoxicity. Since traces of acrylamide (a neurotoxin) was detected in leachates, a PC12 
cell growth inhibition assay was conducted for GG/PAAm extracts (see chapter 2 for 
details). Pico green assay (a sensitive assay for detecting double-stranded DNA in 
solution) was used to determine the PC12 cells in GG/PAAm hydrogel extracts. A 
standard curve was constructed using PC12 and the proportionality constant of the linear 
part (cell concentration up to 5 x 105 cells ml-1) was used to determine the cell density in 
GG/ PAAm extracts (Figure 4.11 a).  
CGI was calculated with respect to the negative control (EMEM media) and all the 
GG/PAAm extracts were found to be non-cytotoxic (CGI is less than 30%) for PC12 
growth during the test period (Figure 4.11 b). For example, after 28 days of immersion (t 
= 28) the cell growth inhibition values of GG/ PAAm hydrogels are 16.9 ± 10.7 %.  
The CGI profile of PC12 in GG/PAAm is similar to that of L929, i.e. CGI proportionally 
increased with increasing leachate concentration (Figure 4.11 c). The CGI was rapidly 
increased during the first 7 days of incubation (CGI = 15.5 ± 9.5 %), and remained 
relatively constant between 7-28 days (average CGI = 15.7 ± 1.5 %). This can be 
explained using the same argument as in the previous section. The CGI obtained for 
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maximum acrylamide concentration of 2.3 ± 0.03 µg ml-1 and a maximum GG 
concentration of 0.18 ± 0.01 mg ml-1 are non-cytotoxic for the growth of PC12. The results 
obtained are in agreement with previous cell inhibition studies of acrylamide cytotoxicity 
on sericin/PAAm IPN hydrogels 297.  
 
 
Figure 4.11: (a) Standard curve of PC12 (the linear fit for the truncated part was used for 
calculation), (b) cell growth inhibition (%) of PC12 in GG/PAAm and (c) the relationship between 
PC12 cell growth inhibition (%)  and GG (blue) and acrylamide (red) detected in GG/PAAm 
extracts when incubated in DPBS at 37 
o
C. Error bars represent one standard deviation calculated 
from three independent samples. Statistical analysis through a two-tailed Student’s t-test showed 
that GG/ PAAm data sets were statistically different (*p<0.001).  
 
Florescence micrographs of PC12 cells exposed to GG/ PAAm extracts for 48 hours (see 
chapter 2), show that cells grow, and proliferate both adherent and free floating form in 
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Figure 4.12: Fluorescence micrographs of Calcein and PI stained PC12 cells on (a) DMEM 
media, (b) DPBS, GG/ PAAM hydrogel leachates at (c) t=14 and (d) t=28, and latex extracts at 
(e) t=14 and (f) t=28. Metabolically active (live) cells are stained green with Calcein-AM and 
dead cells are stained red with PI. Scale bar represent 200µm. 
 
The morphology of the PC12 cells are similar to cells grew in EMEM. The images 
supports the results obtained for PC12 cell viability assay, i.e. the cell density of 
GG/PAAm extract samples at t=14 and t=28 remains approximately constant (Figure 4.12 
c and d).  The adverse effect imposed on PC12 cells by the positive control is evident, 
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extracts (Figure 4.12 e and f). The florescence images confirms that the GG and 
acrylamide leached during the 28 days incubation period is non-cytotoxic for the healthy 
growth of PC12.  
 
4.8 Cytotoxicity assay by direct contact 
GG/PAAm hydrogel samples were placed in direct contact with a healthy L929 cell 
monolayer and the cell disruption caused by the hydrogels was analysed using a visual 
grading system and phase contrast microscopy (see chapter 2). No detectable inhibition 
zone was observed for EMEM. An inhibition zone limited to the area under the sample 
was observed for salistic (negative control), GG and GG/PAAm samples. This is due to 
the pressure inserting from the sample on the cell monolayer. Therefore GG and 
GG/PAAm hydrogels were graded as “1” by the criteria (see Table 2.1, chapter 2) and 
therefore non-cytotoxic for L929 fibroblasts in direct contact for 24 hours.  
The phase contrast microscopic images (Figure 4.13 a-h) of L929 fibroblasts within 0.5 
cm radius after 24 hours contact with the sample shows that the GG and GG/PAAm did 
not exert any deleterious effect on L929 cell morphology and shows morphological and 
proliferative features similar to those encountered for the negative controls (EMEM and 
salistic). The toxic effect of the positive control (latex) was evident, given the severe 
changes on morphology and the inability of cells to proliferate, where cell debris and cells 
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Figure 4.13: Phase constrast microscopic images of adherent L929 fibroblasts in (a) EMEM 
(media) and within 0.5 cm radius of samples (c) salistic, (e) GG, (g) GG/PAAm and (i) latex after 
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4.9 Conclusions 
The mass loss, swelling, chain release, mechanical characterization and cell growth 
inhibition of ionic covalent-entanglement hydrogel consist of GG and PAAm were 
investigated in hydrolytic degrading conditions (PBS at 37 oC). The mass loss and 
mechanical behaviour of GG/PAAm in PBS at 37 oC, follow the behaviour of a non- 
degrading hydrogel (up to 42 days). The GG/PAAm maintained the relative mechanical 
properties under physiological conditions (PBS at 37oC) for a period of 28 days. This was 
attributed to the highly cross-linked network structure of the ICE, imposed by the 
independently cross-linked ionic GG network and covalent PAAm network.  
GG/PAAm hydrogels, exhibit an equilibrium mass loss 5.7 ± 1.2 % after 7 days of 
incubation and remains constant thereafter for the remainder of the study (28 days). The 
mass loss was attributed to polymer leaching (from GG and PAAm networks), which was 
partially offset by the influx of ion due to cation exchange with the surrounding medium 
(based on results in Chapter 3).  
Many hydrogels tend to be brittle, and mechanical limitations have thus prevent their 
tissue engineering applications acquiring mechanical and load bearing characteristics 
such as ligaments, tendon prostheses, or soft robotic actuators 383. Most hydrogels exhibit 
fracture toughness of less than 100 J m-2, whereas recent approaches on IPN and ICE gels, 
have achieved fracture toughness of  ∼1000 J m-2 384. At failure, ICE gels reported in this 
work showed higher mechanical properties with strain energy ti failure of 40 ± 10 kJ m-3 
and tangent modulus of 441 ± 43 kPa. The swollen GG/PAAm gels retained their relative 
compressive mechanical characteristics during the 28 days immersion in PBS at 37 oC. 
The mechanical properties are directly proportional to mass swelling, i.e. the moduli and 
strengths of compression and moduli of compression cyclic testing decreased with 
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GG/PAAm hydrogels provided a smart strategy to incorporate better mechanical 
properties while securing inherent properties of GG such as their capability to support 
viable mammalian cells 217,385. The GG/PAAm extracts contains GG and traces of 
acrylamide and the concentrations were found to be non-cytotoxic during the testing 
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CHARACTERIZATION OF SWOLLEN 
GELLAN GUM/POLY(ACRYLAMIDE) 
HYDROGELS IN ENZYMES 
 
 
The behaviour of swollen gellan gum/polyacrylamide (GG/PAAm) hydrogels in terms of 
mechanical properties, weight loss and swelling is presented. GG/PAAm interpenetrating 
network gels were immersed in phosphate-buffered saline consisted of lysozyme and 
trypsin at 37 °C and pH 7.4 for up to 42 days. The gels exhibited rapid mass loss up to 3 
days followed by a slow mass loss during the remainder of the study (3-42 days). 
GG/PAAm showed highest mass loss, swelling and lowest mechanical properties, when 
immersed in trypsin. The change in mechanical characteristics (compression and 
compressional cyclic testing) during immersion of hydrogels in enzymatic solutions was 
attributed to un-associated and weakly associated chain release and mass loss due to 
enzymatic hydrolysis of GG/PAAm polymer chains. Upon swelling, GG/PAAm gels 
decreased elasticity.  
 
5.1 Mass loss and chain release  
The behaviour of GG/PAAm hydrogels in enzymatic conditions, i.e. lysozyme and 
trypsin was followed for a period of up to 42 days. The mass loss profiles of GG/PAAm 
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hours, a steady rapid mass loss up to 3 days, which was followed by a slower mass loss 
during the remainder of the study (Figure 5.1).  
 
Figure 5.1: (a) Mass loss (%) and (b) mass swelling ratio (q) of GG/ PAAm  hydrogels immersed 
in PBS (diamonds), lysozyme (squares) and trypsin (triangles) at 37 
o
C for 42 days. Error bars 
represent one standard deviation (n=3). Mass loss (%) and mass swelling ratio calculated using 
equations 2.1 and 2.3, respectively (see Chapter 2). 
 
GG/PAAm gels exhibited faster mass loss rate in trypsin, compared to GG/PAAm gels 
immersed in lysozyme. For example, in the steady rapid mass loss period (days 1-3) the 
mass loss rates for GG/PAAm gels were 1.5 ± 0.5 % day-1 and 3.1 ± 0.8 % day-1, 
respectively. Similarly, in the slow mass loss period (3-42 days) the mass loss rates for 
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Over the course of the swelling period, GG/PAAm gels showed higher mass loss when 
immersed in enzymes (lysozyme and trypsin), compared to gels immersed in PBS. The 
highest mass loss for GG/PAAm was observed when immersed in trypsin Figure 5.1). 
For example, after 42 days immersion, GG/PAAm gels immersed in lysozyme and trypsin 
exhibited mass losses of 5.8 ± 1.4 % and 9.9 ± 1.8 %, respectively.  
The steady mass loss behaviour of our gels can be explained using the chain release 
behaviour of gellan gum hydrogels 386. It has been proposed in chapter 3 that free gellan 
gum chains (those un-associated with the gel network) are released first, while the 
network (associated) chains are released over a longer time frame. Therefore, it is 
suggested that when immersed in enzymes (lysozyme, trypsin), un-associated GG and 
PAAm chains are released during the steady rapid mass loss period (0-3 days), whereas 
the gel network associated chains are released during the remainder of the study (3-42 
days). The effect of enzymes on degradation is discussed in section 5.2.  
The diffusion constant for chain release from the gel was obtained by fitting the data from 
mass loss to the expected profile for Fickian diffusion 356. The loss profiles of GG/PAAm 
in PBS, lysozyme and trypsin, fit diffusion coefficients that given in Figure 5.2 and Table 
5.1. This diffusion coefficients calculated based on mass loss data give a reasonable 
indication of the release of gellan gum, i.e. the diffusion coefficients of GG/PAAm 
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Figure 5.2: Remaining mass fraction of GG/ PAAm calculated using mass loss as a function of 
immersion time (up to 28 days) in PBS (blue line), lysozyme (red line) and trypsin (green line) at 
37 ºC. Solid line indicates theoretical prediction of calculated loss assuming respective diffusion 
coefficients (see Table 5.1). 
 
Table 5.1: Diffusion coefficients of GG/PAAm hydrogels calculated based on mass loss data, 
when immersed in PBS, lysozyme and trypsin at 37 oC. 
 
 
5.2 Swelling  
The mass swelling ratio (Figure 5.1 b) shows similar characteristics over time as the mass 
loss profile. Within the first 4 hours of immersion the ICE gels undergo a significant 
amount of swelling, a steady rapid increase up to 3 days, followed by a slow increase of 
swelling (see Table 5.2). The relative amounts of swelling between the hydrogels in 
enzymes mirrors that observed for the mass loss profiles, i.e. higher amount of swelling 
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Table 5.2: Mass swelling ratios (q) of GG/PAAm gels immersed in lysozyme and trypsin after 4 
hours, 3 days and 42 days. 
 
It has been revealed in chapter 4, GG/PAAm gels immersed in PBS, exhibits mass loss 
for 7 days and then remains stable for the remaining period of the study (an additional 35 
days). Therefore, the observed higher mass loss and swelling profiles in this study suggest 
that over the course of 42 days, GG/PAAm gels are affected by the enzyme hydrolytic 
environment imposed by the presence of trypsin and lysozyme (in PBS at 37 oC). 
The rate of enzymatic degradation depends on the structure of the network, the amount 
of cross-linking agents , pH and the temperature of the surrounding medium 387. GG gels 
are known to have resistance towards enzymatic degradation when immersed in 
enzymatic solutions at pH range 3.5 -7 388,389. However, it is reported that GG gels 
undergo degradation in the presence of soil enzymes such as galactomannanase 161 and 
gellan lyase by Bacillus sp. 91,390. Previous studies on GG/hyaluronic acid hydrogels 
immersed in trypsin showed higher mass loss and swelling compared to gels immersed 
in lysozyme 93. Moreover, in vivo degradation was reported for methacrylated-GG 
through the action of hydrolytic enzymes (e.g. lysozyme and amylose) 385.  
Previous studies on PAAm hydrogels showed that PAAm single network hydrogels does 
not undergo enzymatic degradation, whereas PAAm IPN hydrogels subsequently 
degraded in the presence of soil enzymes, such as Trichoderma viride 387, Enterobacter 
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action of some amidases, as a first stage, polyacrylamide is hydrolysed to poly (acrylic 
acid) and ammonia and as the second step, the poly (acrylic acid) is degraded to carbon 
dioxide, ammonia and water that takes part in biosynthesis of amino acids 393. Therefore, 
it is suggested that the high mass loss and swelling of GG/PAAm hydrogels immersed in 
trypsin is due to the hydrolytic cleavage of peptide links in the PAAm network. The 
GG/PAAm gels immersed in lysozyme showed higher swelling compared to gels in PBS, 
which suggests that the hydrolysis of GG network is also in progress in the GG/PAAm 
network. However, the effect of peptidase (trypsin) is greater than the effect of amylase 
(lysozyme) on GG/PAAm gels as higher mass loss and swelling was displayed in trypsin 
compared to lysozyme (Figure 5.1 and Figure 5.2).   
Lysozyme preferentially cleaves the β (1-4) glycosidic linkages of polysaccharides 394-
397, whereas trypsin is known to hydrolyse peptide linkages 398,399. The GG/PAAm gel 
comprises of both glycosidic (GG network) and amide (PAAm network) bonds. 
Irrespective of the higher enzyme concentration (lysozyme; 1 x 104 U ml-1 and trypsin; 1 
x 103 U ml-1), GG/PAAm gels displayed lower mass loss in lysozyme compared to mass 
loss in  trypsin. The true mass loss, swelling and diffusion co-efficients in lysozyme may 
have affected from the intake (absorption and adsorption) of media constituent, lysozyme 
into the GG/PAAm hydrogels. Lysozyme is a positively charged molecule and this, 
coupled with its small size, results in their adsorption on to negatively charged substrates 
(e.g. gellan gum) at physiological body conditions272,400-402. Moreover, increased uptake 
of lysozyme was observed with increased anionic polysaccharide concentration 400. 
Therefore it is suggested that the true mass loss, swelling and diffusion-coefficients for 
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The mass loss and swelling behavior of GG/PAAm gels are in agreement with the 
mechanical characterization (see below). 
 
5.3 Compression testing 
Hydrogel samples were tested for their mechanical properties under compression at 37 
°C. From the resulting compressive stress-strain plots (Figure 5.3 a-b), the tangent 
modulus (Et), stress-at-failure (σf), strain-at-failure (εf) and strain energy to failure (U) 
values were determined (Table 5.3).  
 
Figure 5.3: Typical compressive stress-strain curves for GG/PAAm hydrogels before immersion 
(blue) and after swollen for 28 days in (a) lysozyme and (b) trypsin at 37 oC. Compressive strain 
at failure verses compressive stress at failure (during 28 days of immersion) of (c) GG/PAAm in 
PBS (diamonds), lysozyme (squares) and trypsin (triangles).   
 
 
After 28 days of degradation in enzymes (lysozyme and trypsin) GG/PAAm gels become 
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slightly decreases from 47 ± 2 % to 43 ± 5 %, whereas the values  decreases from 47 ± 2 
% to 36 ± 3 in trypsin over the course of 28 days of immersion. In addition, GG/PAAm 
gels showed an enhancement in tangent modulus (13% and 33%) and a decrease of strain 
energy to failure (18% and 13%) upon swelling in lysozyme and trypsin, respectively. 
Table 5.3: Compression results of GG/PAAm hydrogels incubated in lysozyme and trypsin at 37 
o
C. The tangent modulus (E
t, 
calculated using the slope of a linear fit of the stress-strain plot at 




) and strain energy to failure (U) are 
shown as a function of hydrogel type, surrounding medium and time. The naming convention for 
the sample name is “hydrogel type-days” incubated. For example GG/P-28 indicates a GG/PAAm 
hydrogel incubated for 28 days, in either lysozyme (L) or trypsin (T). 
 
Sample σf (kPa) εf (%) Et (kPa) U ( kJ m-3) 
 L T L T L T L T 
         
GG/P-0 196 ± 20 196 ± 20 47 ± 2 47 ± 2 441 ± 50 441 ± 4 38 ± 10 
38 ± 
10 
GG/P-1 181 ± 15 174 ± 7 47 ± 2 45 ± 3 430 ± 121 448 ± 11 42 ± 2 41 ± 2 
GG/P-3 160 ± 38 166 ± 4 58 ± 22 42 ± 1 348 ± 159 455 ± 12 43 ± 4 35 ± 1 
GG/P-7 158 ± 12 193 ± 14 43 ± 9 38 ± 2 389 ± 134 547 ± 10 34 ± 9 36 ± 5 
GG/P-14 170 ± 10 177 ± 8 40 ± 1 36 ± 2 523 ± 76 605 ± 85 34 ± 2 32 ± 1 
GG/P-21 152 ± 7 180 ± 9 43 ± 5 36 ± 3 449 ± 125 662 ± 43 32 ± 4 33 ± 1 
GG/P-28 157 ± 8 178 ± 6 39 ± 3 35 ± 4 498 ± 92 659 ± 31 31 ± 3 33 ± 4 
         
 
In comparison to gels immersed in PBS, GG/PAAm gels immersed in enzymes exhibited 
lower compressive strain at failure during swelling (Figure 5.3 c). The values of 
compressive strain at failure of GG/PAAm gels followed the order of PBS GG/PAAm > 
Lysozyme GG/PAAm > Trypsin GG/PAAm, whereas the stress at failure followed the opposite 
trend.  
The stress at failure of GG/PAAm gels increased and strain at failure decreased when 
immersed in enzymes (trypsin and lysozyme) compared to GG/PAAm gels immersed in 
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upon swelling in enzymes and this can be explained as follows. As the hydrolysis of 
amide bonds progresses, the PAAm chains breaks into resulting carboxylic groups while 
ammonia evolves. Thus, the degree of anionicity of the molecule increases. Therefore, it 
is suggested that this attracts cations from the surrounding medium (PBS), which helps 
in creating additional cation mediated junction zones in GG network. As a result during 
the immersion in trypsin, the strain and stress at failure (or stiffness) of GG/PAAm gels 
increases.  
 
Figure 5.4: Swelling ratio vs. mechanical properties; (a) stress at failure, (b) strain at failure, (c) 
tangent modulus and (d) strain energy to failure of GG/PAAm hydrogels when immersed in PBS 





For GG/PAAm gels, a direct correlation was not observed between the mechanical 
properties and swelling (Figure 5.3 and Figure 5.4), i.e. mechanical properties did not 
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was attributed to the complex degradation environment provided by the enzymes 
(enzymes sorption to hydrogel and enzyme initiated hydrolysis), which affect the 




5.4 Cyclic testing 
To evaluate the load tolerant ability of the ICE gels in enzymatic conditions (at 37 oC), 
cyclic compression test was performed by exposing the hydrogels to a cyclic testing 
regime between 15% and 25% compressive strains. The Et of loading and unloading 
cycles were plotted against the number of cycles for GG/PAAm gels immersed in 
lysozyme and trypsin (Figure 5.5). GG/PAAm hydrogels demonstrate stress softening 
during the cyclic compression test which is normally observed among rubber, gums and 
DN hydrogels, i.e. after being uniaxially compressed to a certain strain, the sample 
requires a smaller stress to maintain the same strain in the unloading process 171,403. Bond 
ruptures, molecule slipping, chain disentanglement and network rearrangement are some 
of the several theories that have been proposed to explain this phenomenon.  
 
An obvious decrease of tangent moduli of the loading and unloading cycles was found 
between the first two cycles (Table 5.4), and in the following cycles the this decrease 
(difference of tangent modulus between adjacent 2 cycles) become less significant, 
suggesting that the breakage of physical interactions occurred mainly in the first cycle. 
For example, before immersion, between the first and second run cycle of loading cycle, 
GG/PAAm showed a decrease of Et (29%) (Table 5.5). The overall Et decreased by 64% 
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which displays that this phenomenon decreases with increasing immersion times in 
enzymes.  
Table 5.4: Et of GG/PAAm hydrogels, calculated for the cyclic testing regime (load and unload) 
before immersion and after immersion in lysozyme for 28 days.  
 
 Before immersion After immersion 
Cycle number Et (load) Et (unload) Et (load) Et (unload) 
  (kPa) (kPa) (kPa) (kPa) 
1 
704 ± 54 961 ± 54 571 ± 43 905 ± 102   
2 
495 ± 52 859 ± 65 512 ± 76 540 ± 74 
3 
411 ± 32 772 ± 56 506 ± 85 492 ± 56 
4 
385 ± 69 690 ± 47 476 ± 65 501 ± 86 
5 
336 ± 91 669 ± 43 449 ± 64 468 ± 54 
6 
306 ± 65 696 ± 5 426 ± 56 434 ± 89 
7 
319 ± 67 659 ± 3 398 ± 76 345 ± 67 
8 
296 ± 86 612 ± 67 396 ± 43 319 ± 54 
9 
297 ± 85 625 ± 8 349±43 326 ± 23 
10 
293 ± 73 555 ± 5 345 ± 78 361 ± 67 
11 
269 ± 59 558 ± 89 351 ± 79 347 ± 45 
12 
250 ± 74 602 ± 65 352 ± 87 281 ± 67 
13 
272 ± 12 575 ± 43 317 ± 34 269 ± 54 
14 
263 ± 17 549 ± 21 317 ± 56 256 ± 90 
15 
264 ± 32 591 ± 23 319 ± 76 276 ± 97 
16 
247 ± 21 521 ± 87 317 ± 89 293 ± 86 
17 
232 ± 43 566 ± 5 287 ± 31 241 ± 57 
18 
255 ± 43 542 ± 45 289 ± 21 234 ± 87 
19 
245 ±  63 520 ± 67 290 ± 24 245 ± 21 
20 
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Figure 5.5: The log Et of GG/PAAm hydrogels, calculated for the cyclic testing regime when 
immersed in lysozyme [(a) loading and (b) unloading] and trypsin [(c) loading and (d) unloading]. 
Filled and unfilled symbols are for gels before immersion and after immersing for 28 days, 
respectively.  
 
Upon immersion in enzymes, GG/PAAm retained their superior load tolerant mechanical 
characteristics relative to GG. For example, after immersion for 28 days the Et   (load) of 
GG was decreased (1-20 cycles) by a higher percentage (82% - 91%), whereas the same 
values were decreased by a lower percentage for GG/PAAm gels (49% - 51%) (Table 5.5 
and appendix). As GG/PAAm showed higher resistance to cyclic loading compared to 
GG, it is suggested that the covalent cross-links in PAAm network has better load tolerant 
ability compared to ionic cross-links in the GG network, whereas the ionic cross-links of 
the GG/PAAm gels act as sacrificial bonds upon cyclic loading 175. This behaviour is in 
agreement with a previous study on mechanical properties of alginate/PAAm ICE 
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Table 5.5: Et (load) of GG/PAAm hydrogels, calculated for the cyclic testing regime before 
immersion and after immersion for 28 days in lysozyme (L) and trypsin (T). The naming 
convention for the sample name is “cycle number-immersion state”. For example, 1-B indicates 
the Et of the gel (before immersion) in its 1st cycle.  
 








704 ± 54 
 
710 ± 45 
2-B 495 ± 52 498 ± 34 
20-B 250 ± 31 249 ± 75 
   
1-A 571 ± 43 573 ± 64 
2-A 512 ± 67 501 ± 45 
20-A 293 ± 27 281 ± 29 
 
When Et values of lysozyme and trypsin compared, GG/PAAm gels showed lower 
variation between the corresponding Et values, i.e. after 20 cycles, Et of GG/PAAm gels 
decreased by 51% and 49% (low variation) in lysozyme and trypsin, respectively, 
whereas for GG gels the values deceased by respective 91% and 82% (high variation) 
(Table 5.5 and appendix). This indicates that the increase of cross-linking density (see 
section 5.3) in the GG network (of GG/PAAm) does not increase the cyclic loading ability 
of GG/PAAm. Therefore the load tolerant ability of the GG/PAAm gel is majorly denoted 
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5.5 Conclusions 
We have established the mechanical characteristics of GG/PAAm ICE hydrogel when 
immersed in enzymatic solutions, i.e. lysozyme and trypsin at 37 oC for 42 days. It was 
found that ICE gel exhibit rapid mass loss for 3 days followed by a slow mass loss for 
remainder of the study (3-42 days). For example, after 42 days immersion, GG/PAAm 
displayed mass losses of 5.8 ± 1.4 % and 9.9 ±  1.8 % in lysozyme and trypsin, 
respectively. 
The diffusion coefficients of GG/PAAm followed the order of PBS < Lysozyme < 
Trypsin. The mass loss of GG/PAAm was attributed to polymer leaching (chain release) 
and hydrolytic cleavage of glycosidic (GG network) and, amide bonds (PAAm network) 
by the action of lysozyme and trypsin, respectively. GG/PAAm gels immersed in 
lysozyme and trypsin displayed the nature of a hydrogel with a highly cross-linked 
structure.  
GG/PAAm gels immersed in enzymes decreased strain energy to failure upon swelling, 
while increasing the stress at failure. After 28 days of immersion, GG/PAAm gels showed 
stress at failure values of 157 ± 8 kPa and 178 ±  6 k Pa in lysozyme and trypsin, 
respectively. GG/PAAm gels showed better load tolerant properties compared GG in 
agreement with mass loss and swelling results. Furthermore, when GG/PAAm gels are 
immersed in trypsin the compressive mechanical characteristics increases, whereas the 















The behaviour of swollen ionic-covalent entanglement (ICE) hydrogel consisting of k-
carrageenan is presented in terms of mechanical properties, weight loss and cell growth 
inhibition of leachates. This ICE hydrogel developed by our research group 174 is based 
on an ionically cross-linked k-carrageenan network and covalently cross-linked epoxy-
amine network. Compared to mechanical properties of respective single network gels (k-
carrageenan and epoxy-amine), kC/EA ICE hydrogel displayed significant reinforcement 
in mechanical properties such as high toughness and load tolerance. These ionic-covalent 
entanglement (ICE) gels show mechanical effects differs from polysaccharide/acrylate 
and double network gels. At failure, kC/EA exhibited a 5-6 fold increase in tangent 
modulus and compressive stress when compared to epoxy-amine gels of comparable 
water contents 174. 
In this work, kC/EA hydrogels were incubated in phosphate-buffered saline (37°C, pH 
7.4) and CaCl2 (37°C, pH 7.4) for up to 42 days. The gels exhibited their maximum mass 
loss and swelling after 7 and 21 days in PBS and CaCl2, respectively. The swollen kC/EA 
hydrogels showed substantial decrease in mechanical properties during 42 days 
immersion in PBS and CaCl2. kC/EA gels in PBS showed higher mass loss, swelling and 
lower mechanical properties compared to kC/ EA gels in CaCl2 during immersion. The 
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mechanical characteristics of the kC/EA gels did not change during swelling (although 
the magnitudes changed). Cell growth inhibition test on L929 fibroblasts showed that the 
leachate products of the kC/EA gels can be considered noncytotoxic. 
 
6.1 Mass loss and mass swelling ratio  
kC/EA hydrogels were synthesized using a simultaneous method (see chapter 2). Mass 
loss (%) was determined for kC/EA hydrogels in PBS and 0.2 M CaCl2 (at 37°C and pH 
7.4) for a period of 42 days. The mass loss profiles (Figure 6.1 a) showed a small mass 
gain (3%) after 30 minutes, a steady mass loss up to 3 days, which was followed by a 
slow decrease in the mass loss until the gel stabilized after 7 and 21 days for kC/EA gels 
immersed in CaCl2 and PBS, respectively. This suggests that the gels immersed in CaCl2 
and PBS reached their equilibrium after 7 and 21 days, respectively and then maintained 
constant composition without further mass loss during the remainder of the test period. 
For example, during the rapid mass loss (0-3 days), the mass loss rates in PBS and CaCl2 
were 3.6 ± 0.4 % day-1 (ML = 10.9 ± 1.3 %) and 2.5 ± 0.9 % day-1 (ML = 7.5 ± 2.8 %), 
respectively. Over the course of the swelling period kC/EA hydrogels in CaCl2 exhibits 
lower mass loss (average value of 10.8 ± 3.7 % during days 7-42), compared to the 
corresponding value of 15.9 ± 1.5 % for the kC/EA hydrogels in PBS, during the same 
time period.  
In comparison, the degradation profile of kC/EA immersed in CaCl2 followed a similar 
trend as in kC single network gels immersed in CaCl2 (see appendix). Whereas the kC 
gels immersed in PBS at 37 oC completely disintegrated within 4 hours of incubation. In 
both hydrolytic conditions (i.e. PBS and CaCl2), kC/EA hydrogels showed lower mass 
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Figure 6.1: (a) Mass loss (%) and (c) mass swelling ratio of kC/EA hydrogels in PBS (diamonds) 
and in 0.2M CaCl2 (squares) at 37 
o
C for 42 days (b): Mass loss (%) and (d) mass swelling ratio 
within 4 hours of incubation. Error bars represent one standard deviation. Mass loss (%) and 
volumetric swelling ratio calculated using equations 2.1 and 2.3, respectively (see chapter 2). 
 
The mass loss and swelling of kC/EA followed the typical degrading behaviour of a 
hydrogel in hydrolytic conditions (see Chapter 1). At the first stage, hydrogel undergoes 
swelling, where negligible changes occur in mass loss. The first 30 minutes of kC/ EA 
hydrogel immersion was attributed to the first stage of typical hydrolytic degradation, 
whereas the time till the mass loss (and swelling) stabilizes was attributed to the second 
stage. For example, during the first stage in PBS it swelled up to 5.5 ± 0.2 after 30 minutes 
and gels in CaCl2, swelled up to 3.0 ± 0.2, whereas the mass loss profiles indicate small 
mass gain (3%) (Figure 6.1 b and d). The swelling behaviour at this stage is attributed to 
the gradual diffusion of surrounding media (e.g. PBS) into the hydrogel matrix due to the 
ionic chemical potential difference (see chapter 1) 76,404,405. During the second stage of 
typical hydrogel degradation, uncross-linked and weakly cross-linked polymer 
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and decrease in mechanical properties  76. Similarly, the mass loss of kC/EA gels 
continued to increase for 7 and 21 days in CaCl2 and PBS, respectively. Whereas the 
mechanical properties decreased (the mechanical properties of the swollen kC/EA gels 
are discussed later in this chapter). During 42 days incubation, the gels did not progress 
in to the third stage (advanced stage), where the weight loss and swelling dramatically 
increases due to collapse of the polymer matrix. For example, mass swelling ratio reached 
to an equilibrium in approximate 7 and 21 days (21.8 ± 1.8 and 8.2 ± 0.3 for CaCl2 and 
PBS, respectively) and remained constant thereafter for the remainder of the study (Figure 
6.1 c).  
The higher mass loss and swelling of kC/EA gels in PBS could be explained as follows. 
k-carrageenan, due to its polyelectrolytic nature, is determinant of kC/EA hydrogel 
swelling of the two types of networks (kC and EA) 387. The chemical structure of kC 
consists of hydrophilic sulphate groups in the back bone (see chapter 1). These sulphate 
groups inherit high ionization tendency, which increase the charge density of the final 
product406,407. The swelling of polyelectrolyte hydrogels is also affected by the ionic 
character of the surrounding media 408,409-411. The swelling ratio value of ionic gels is 
known to be lower in saline solutions compared to in distilled water. For example, 
previous studies on kC hydrogels showed higher mass loss and swelling in PBS solution 
compared to DMEM medium 412. This phenomenon is often attributed to the screening 
effect of the additional cations causing an anion-anion electrostatic repulsion, leading to 
a decreased osmotic pressure (ionic pressure) difference between the hydrogel network 
and the surrounding medium 413. Therefore, the presence of salts in the surrounding 
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PBS contains  monovalent Na+ and K+ (139.7 mM), compred to 2 mM Ca2+ (cross-linker) 
in the as-prepared kC/EA gels. Previous studies on Ca2+ cross-liked alginate hydrogels 
(another hydrocolloid with similar ionic gelation characteristics as in kC) showed that 
sodium (Na+) and other monovalent ions have an effect on Ca2+ gelation kinetics 414. 
When the two ions are present, there is competition for binding sites in junction zones 
and ion exchange occurs, even though the affinity for Ca2+ is greater 82,414. Similarly, it is 
suggested that the ion exchange between Ca2+ (in kC network) and monovalent cations in 
the surrounding medium (Na+ and K+) decrease the ionic cross-linking density of the 
kC/EA gels in PBS, which results in increased mass loss and swelling. 
kC/EA gels in CaCl2, showed lower mass loss and swelling compared to gels in PBS, 
during the 42 days immersion period. This could be explained using two different 
theoretical approaches. Firstly, CaCl2 solution contains similar concentration of Ca2+ as 
used to prepare kC/EA hydrogel (2 mM), which prevents the ion exchange process (unlike 
in PBS). Secondly, solutions of multivalent cations are known to decrease polyelectrolyte 
hydrogel swelling compared to solutions of monovalent cations , i.e. swelling capacity 
increases with a decrease in the charge of the metal cation ( Al3+ < Ca2+ < Na+). Due to 
the complexing ability arising from the coordination of the multivalent cations with 
carboxylate groups present in an ionic hydrogel, interchain complexes are formed and the 
network crosslink density is consequently enhanced 415-417. Previous studies have shown 
that the water absorbency of kC hydrogels in the presence of the Ca2+ and Al3+ cations is 
lower than that of NaCl solution 415,417. Furthermore, this ionic crosslinking mainly occurs 
at the surface of particles and makes them rubbery and very hard 417.  The dissolving of 
kC single network gels in PBS, whereas the gels remain intact in Ca2+ solution in this 
study, is another example to prove this phenomenon. The chain release of k-carrageenan 
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6.2 Compression testing 
Determining to what extent, the mechanical properties change as the hydrogel structures 
swell is of critical importance to the effectiveness of predictive models in tissue 
engineering 418. Hydrogel samples were tested for their mechanical properties under 
compression at 37 °C in PBS and 0.2 M CaCl2, i.e. hydrogels immersed in PBS and 0.2 
M CaCl2 were tested in PBS and 0.2 M CaCl2, respectively. From the resulting 
compressive stress-strain plots (Figure 6.2), the stress-at-failure (σf), strain-at-failure (εf), 
tangent modulus (Et) and strain energy to failure (U) values were determined (Table 6.1 
and Table 6.2).  
 
Figure 6.2: Typical compressive stress-strain curves for as prepared (a) kC/EA hydrogels tested 
in 0.2 M CaCl2 (red), and kC/EA hydrogels tested in PBS (blue) at 37 
0
C. (b) Typical compressive 
stress-strain curves for kC/EA hydrogels tested in 0.2 M CaCl2 (red), and kC/EA hydrogels tested 
in PBS (blue) at 37 
0
C, after 42 days immersion. 
 
Before swelling, kC/EA gels showed substantially higher moduli and strengths with the 
reinforcement effect being most prominent at high strain (Figure 6.2). For example, the 
stress at 75% strain value of the kC/EA gels (930 ± 130 kPa; tested in PBS, 37 oC) is 5.2 
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in PBS, 37 oC) (see appendix). This observation is characteristic of double network 
behaviour 158. 
As prepared kC/EA gels showed stress-at-failure, strain-at-failure and strain energy to 
failure of 3.3 ± 0.6 MPa, 88 ± 0.7 % and 1447 ± 296 kJ m
-3
, respectively. Within a matter 
of hours of immersion, the mechanical characteristics of swollen kC/EA gels are 
significantly decreased. For example, after 4 hours of immersion, stress at failure, tangent 
modulus and strain energy to failure of kC/EA gels immersed in PBS were decreased by 
16, 4 and 13 times, respectively (Figure 6.3 and Table 6.2). kC/EA gels immersed in 
CaCl2, followed the same trend, i.e. after 4 hours immersion, stress at failure, tangent 
modulus, strain energy to failure were decreased by 10, 2 and 12 times, respectively. The 
strain at failure remained relatively constant at 73 ± 9 % and 79 ± 8 % for kC/EA gels in 
PBS and CaCl2, respectively. 
 
The mechanical behaviour is attributed to the swelling of kC/EA gels in respective 
solutions. Soon after immersion, the surrounding medium (CaCl2 and PBS) diffuses to 
the gel matrix which results in disentanglement of polymer chains 418. Furthermore, the 
decrease of mechanical properties with increasing immersion times indicates that the 
elevated swelling may have reduced the cross-linking density of kC/EA gels which allows 
greater material deformation in response to compression, while reducing the dissipative 
contribution of intermolecular interactions 82.  
The compressional mechanical properties of kC/EA gels stabilizes at the end of 
corresponding mass loss and swelling periods, i.e. during 21-42 days of immersion kC/EA 
gels immersed in PBS showed constant average stress at failure, strain at failure, tangent 
modulus and strain energy to failure of 22 ± 5 kPa, 68 ± 3 %, 14 ± 5 kPa and 7 ± 1 kJ m
-
3









Figure 6.3: The (a) stress-at-failure (σf), (b) strain-at-failure (εf) (c) tangent modulus (Et, 
calculated using the slope of a linear fit of the stress-strain plot at 30-40% strain) and (d) strain 
energy to failure (kJ m
-3
) of kC/EA gels immersed in PBS (diamonds) and CaCl2  (squares) at 
37
o
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Table 6.1: Comparison of compression results of kC/EA hydrogels incubated in PBS and CaCl2 
at 37
o
C for 4 hours. The tangent modulus (Et, calculated using the slope of a linear fit of the stress-
strain plot at 15-25% strain), stress-at-failure (σf) strain-at-failure (εf) and strain energy to failure 
(U) are shown as a function of hydrogel type and time. The naming convention for the sample 
name is “hydrogel type/ surrounding medium-hours” incubated. For example ICE/ P-4 h indicate 










U (kJ m-3) 
 
     
ICE/P-0h 3290  ± 670 88 ± 0.7 253  ± 98 1147 ± 296 
ICE/ P-0.5 h 1100 ± 400 79 ± 0.7 125 ± 7 445 ± 173 
ICE/ P-1 h 500 ± 100 67 ±  0.2 110 ± 17 195 ±  44 
ICE/ P-2 h 400 ± 100 69 ± 0.7 75 ± 21 167 ± 24 
ICE/ P-3h 200 ± 50 62 ± 11 60 ± 28 74 ± 31 
ICE/ P-4h 200 ± 20 68 ± 0.8 60 ± 2 92 ± 9 
     
ICE/C-0h 3100 ± 200 88 ± 1 323 ± 32 1396 ± 138 
ICE/ C-0.5 h 1600 ± 200 86 ±  0.3 155 ± 7 690 ±  108 
ICE/ C-1 h 900 ± 100 83 ± 2 115 ± 21 392 ± 58 
ICE/ C-2 h 400 ± 10 73 ± 3 125 ± 7 175 ± 12 
ICE/ C-3h 400 ± 20 70 ± 5 145 ± 21 177 ± 72 
ICE/ C-4h 300 ± 100 70 ± 10 140 ±  14 113 ± 62 
     
 
Similarly, kC/EA gels immersed in CaCl2 showed constant average stress at failure, strain 
at failure, tangent modulus and strain energy to failure of 205 ± 30 kPa, 75 ± 7 %, 94 ± 
23 kPa and 80 ± 22 kJ m
-3
respectively, between 7- 42 days of immersion. Following a 
similar trend as in mass loss and swelling profiles, kC/EA gels in CaCl2 showed higher 
mechanical properties compared to kC/EA gels in PBS and kC single network gels 
immersed in CaCl2 (Table 6.1). For example, at the end of 42 days, stress-at-failure and 
strain-at-failure were 30 ± 3 kPa and 190 ± 0.05 kPa, and 70.5 ± 2.4 % and 67.2 ± 8.5 % 
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Table 6.2: Comparison of compression results of kC/EA hydrogels incubated in PBS and CaCl2 
at 37oC. The tangent modulus (Et, calculated using the slope of a linear fit of the stress-strain plot 
at 15-25% strain), stress-at-failure (σf), strain-at-failure (εf) and strain energy to failure (U) are 
shown as a function of hydrogel type and time. The naming convention for the sample name is 
“hydrogel type/surrounding medium-days” incubated. For example ICE/ P-42 d indicate kC/EA 














ICE/ P-0 d 3290  ± 670  88 ± 0.7 253  ± 98 1447 ± 296 
ICE/ P-1 d 170  ± 30 68 ± 7 75  ± 7 63 ± 7 
ICE/ P-3 d 140  ± 8 75  ± 7 33 ± 6 53 ± 8 
ICE/ P-7 d 100 ± 40 79 ± 9 23 ± 6 46 ± 27 
ICE/ P-14 d 40  ± 40 77 ±  3 20 ± 1 17 ± 16 
ICE/ P-21 d 20  ± 5 69 ± 2 10 ±  2 7 ± 2 
ICE/ P-28 d 20 ± 2 68 ± 0.5 9 ± 2 7 ± 0.7 
ICE/ P-35 d 20 ± 7 63 ± 3 20 ±  1 7 ± 0.2 
ICE/ P-42 d 30 ± 3 70 ± 2 15 ± 7 10 ± 2 
          
ICE/ C-0 d 3130 ± 260 88 ± 1 323 ± 32 1395 ± 138 
ICE/ C-1 d 180 ± 70 63 ± 6 135 ± 49 56 ± 16 
ICE/ C-3 d 170 ± 90 73 ± 3 100 ± 14 61 ± 9 
ICE/ C-7 d 260 ± 80 87 ± 17 65 ± 49 120 ± 11 
ICE/ C-14 d 190 ± 60 69 ± 6 120 ± 7 64 ± 24 
ICE/ C-21 d 220 ± 20 82 ± 0.1 70 ± 14 92 ± 10 
ICE/ C-28 d 180 ± 20 74 ± 2 90 ±  14 69 ± 5 
ICE/ C-35 d 190 ± 50 72 ± 3 100 ± 14 69 ± 17 
ICE/ C-42 d 190 ± 50 67 ± 8 120 ± 10 66 ± 25 
     
 
In comparison to parent single network gels (kC and EA), as prepared kC/EA gels show 
substantial mechanical reinforcement 174. For example, kC/EA showed stress at failure, 
tangent modulus and strain energy to failure which are 66, 11 and 97 times higher than 
kC single network gels and 22, 1.2 and 23 times higher than the EA single network gels, 
respectively (Figure 6.2 a and appendix). The higher elongation of kC/EA gels was 
attributed to the flexible polyether backbone of epoxy-amine network 335,336.  
The kC/EA gels retained their reinforced properties in hydrolytic degradation conditions 
compared to the component single network polysaccharide gels (kC). For example, after 
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strain at failure of 30 ± 3 kPa, 15 ± 7 kPa and 10 ± 2 kJ m-3, respectively (Table 6.1), 
whereas the kC single network hydrogel immersed in PBS completely dissolved within 4 
hours. kC/EA gels in CaCl2 showed stress at failure, tangent modulus and strain energy 
to failure of 190 ± 5 kPa, 120 ± 10 kPa and 66 ± 2 kJ m-3, respectively, whereas the kC 
single network hydrogel gels in CaCl2 showed lower corresponding values, i.e. stress at 
failure, tangent modulus and strain energy to failure of 0.04 ± 0.005 MPa, 31 ± 1 kPa and 
16 ± 5 kJ m-3, after 42 days immersion.  
The influence of swelling on the mechanical properties is evident given that the increase 
of swelling decreases the mechanical characteristics significantly (Figure 6.4). With the 
increase of swelling, the mechanical properties decreased and remained constant during 
the constant swelling period. For example, kC/EA gels immersed in PBS and CaCl2 
showed constant values for mechanical properties (e.g. stress at failure, strain at failure)  
during their respective equilibrium mass swelling ratios (q) of 21 and 12, respectively 
(Figure 6.4).  
A hydrogel with high mechanical strength is essential for tissue engineering applications 
which experiences large stresses such as in situ placement for articular cartilage tissue 
engineering 347. Previous studies have reported successful encapsulation of chondrocytes 
in high-moduli biodegradable PEG gels that exhibit initial compressive moduli of ~900 
kPa, which is in the range of native cartilage 347. Therefore the mechanical behaviour 
shown by the kC/EA hydrogels in hydrolytic degrading conditions suggest they are 
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Figure 6.4: Swelling ratio vs. (a) compressive stress at failure, (b) compressive stain at failure, 
(c) tangent modulus (15-25%) and (d) strain energy to failure of kC/EA hydrogels immersed in 
PBS (diamonds), CaCl
2
 (squares) during 42 days of incubation.  
 
 
6.3 Cyclic testing 
Considering hydrogels for tissue engineering, it is important to address the stability of the 
gels under cyclic compression, reproducing the repetitive loading and unloading forces 
that native tissue are being exposed 171,173. Hence, cyclic compression test was performed 
to determine the deformation behaviour of kC/EA hydrogels in physiological conditions 
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Figure 6.5: The log Et of kC/EA in PBS (diamonds) and kC/EA in CaCl2 (squares) hydrogels at 
15-25% strain, calculated for the cyclic testing regime before immersion [(a) loading and (b) 
unloading] and after 42 days immersion [(c) loading and (d) unloading].  
 
Along cyclic test regime, the tangent moduli of the loading and unloading cycles are 
approximately constant for the kC/EA gels (Figure 6.5 and Table 6.3). The relative 
mechanical characteristics are maintained for the gels, i.e. ICE gels of kC/EA have higher 
tangent modulus compared to kC gels gels (Figure 6.5 and appendix). These results 
indicate that the mechanical characteristics of kC/EA gels are not adversely affected by 
the imposed testing regime over 20 cycles. After 42 days of immersion, kC/EA gels in 
PBS and CaCl2 retained the same trend, i.e. tangent moduli of the loading and unloading 
cycles are approximately constant during the cyclic testing regime (Figure 6.5 b). The 
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Table 6.3: Et, calculated for the cyclic testing regime (load and unload) before immersion of 
kC/EA hydrogels tested in PBS (37oC) and kC/EA hydrogels tested in CaCl2 (37oC).  
 kC/EA in PBS kC/EA in CaCl2 
Cycle Et (load) Et (unload) Et (load) Et (unload) 
  (kPa) (kPa) (kPa) (kPa) 
1 194 320 228 330 
2 182 310 192 298 
3 183 326 195 300 
4 179 316 189 306 
5 186 310 189 290 
6 194 339 194 300 
7 182 326 182 306 
8 187 313 197 313 
9 190 315 195 305 
10 173 317 193 297 
11 186 317 186 307 
12 176 317 186 307 
13 189 321 189 301 
14 198 328 188 322 
15 183 316 183 298 
16 193 328 193 328 
17 189 318 189 320 
18 201 317 188 320 
19 191 310 191 310 
20 188 321 193 311 
 
The ionic cross-links of kC enables the formation of strong, but brittle network, not 
compatible with sustained loadings and the gel relaxes stress mainly through breakage 
and consecutive readjustment of the cross-linked bonds 269. In contrast, previous studies 
on methacrylated kC hydrogels showed stress relaxes through the migration of water 
within the network, rendering a higher degree of stability within the network, due to the 
presence of novel covalent bonds. Therefore, it is suggested that the stable mechanical 
characteristics of kC/EA hydrogels with repetitive load bearing is due to the presence of 
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(unload) of kC/EA hydrogels (20-23 % strain) 
immersed in PBS (diamonds) and CaCl
2
 (squares) during 42 days of incubation.  
 
The average Et of the loading and unloading cycles significantly decreased with 
increasing swelling and showed constant values during constant swelling period (Figure 
6.6). For example during the rapid swelling period, the average Et of kC/EA hydrogels 
immersed in PBS decreased 4 (load) and 5 (unload) times, respectively, whereas the 
values decreased  2 and  3 times for kC/EA hydrogels immersed in CaCl2. The average Et 
of both loading and unloading cycles remained constant thereafter.  
6.4 UV-Visible analysis 
The release of kC from kC/EA gels was determined using a spectroscopic method (chapter 
2). The UV analysis (37 °C) of PBS extracts collected at 1, 3, 7, 14, 21 days, was used to 
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Figure 6.7a and c show that the absorbance at 200 nm increases linearly with carrageenan 
concentration; this wavelength was chosen as the λmax at 187 nm shifts slightly with 
increasing concentration. A standard curve was prepared for kC and the resulting 
proportionality constant was used to determine the kC chain release and the remaining 
mass fraction of the kC/EA gel with respect to kC release (Figure 6.7 a-b). UV analysis 
(37 °C) of PBS extracts showed that kC has leached out of the hydrogels during 21 days 







Figure 6.7: (a) UV-Visible spectrum of kC, (b) absorbance at @ 200 nm verses kC concentration, 
(c) UV-Visible spectra of extracts with increasing immersion times and (d) kC concentration (mg 
ml
-1
) in extracts with increasing immersion times. (e) Remaining mass fraction calculated using 
UV-Vis spectroscopy (squares) and by mass loss (diamonds). Solid line indicates theoretical 
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The kC concentration is 0.25 ± 0.02 mg ml-1 for the extracts collected at 21 days, 
equivalent to a mass loss of 10.5 ± 0.7 %. The difference with the measured mass loss by 
weight (16.2 ± 2.1 %, Figure 5.1 a) is attributed to the leaching of uncross-linked and 
weakly cross-linked polymer chains from the EA network. Leaching of EA was analysed 
using FT-IR of PBS extracts (see section 6.5).  
The diffusion constant for  kC release from the hydrogel was obtained by fitting the data 
from mass loss and UV analysis to the Fickian diffusion profile 356. The remaining mass 
profile by UV during the rapid mass loss (0-21 days), fits to a coefficient 3.0 x 10-13 m2 
s-1 approximately, whereas the remaining mass profile by mass loss fits to a coefficient 
5.0 x 10-13 m2 s-1, approximately. The difference between the remaining mass fractions is 
attributed to the leaching of polymer chains from the epoxy-amine (Figure 6.7 e). The 
leaching of polymer chains from the epoxy-amine is discussed more in section 5.5. 
 
6.5 FTIR analysis 
Fourier transform spectroscopy (FTIR)-attenuated total reflection (ATR) was used to 
analyze kC/EA hydrogel; a less intuitive way to study the epoxy-amine network.  
The comparison between the prominent peaks of the components (e.g. kC, ED 2003) and 
the hydrogel were used to analyse the cross-linked structure and the fate of epoxy-amine 
network when exposed to hydrolytic degrading conditions (37 oC, PBS). The FTIR-ATR 
results of pure samples of ED-2003, PEGDGE and kC, and dried kC/EA hydrogel are 
demonstrated in Figure 6.8.  Peaks at 1373 cm-1, 1037 cm-1, 925 cm-1 and 843 cm-1 of 
pure kC were attributed to the S=O stretching, glycosidic linkage, C-O-C (3,6 anhydro-
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Figure 6.8: FTIR spectra of pure k-carrageenan, PEGDGE and ED-2003. 
 
The pristine PEGDGE showed the ether stretching band at 1100 cm−1 and the epoxy band 
at 910 cm−1 (Figure 6.8) 421, whereas  pure ED 2003 showed CH2 scissoring at 1466 cm-
1, CH stretching at 2885 cm-1 and C-O-C stretching at 1098 cm-1 (Figure 6.8) 422,423. FTIR-
ATR results of the hydrogel is complicated with the overlapping of some peaks of 
individual components.  
To simplify the analysis, main characteristic peaks related to the structure of ED-2003 
and epoxy-amine reaction are discussed here. The condensation reaction between the 
oxirane groups of polyethylene glycol diglycidyl ether (PEGDGE) and the active 
hydrogens donated by the amine end group of Jeffamine (ED 2003) is responsible for the 
epoxy-amine network in kC/EA gel (Chapter 1). Due to this reaction between ED 2003 
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formation of hydroxyl groups (–OH) by the ring opening of the epoxy group (Figure 6.9) 
421. It should be noted that hydrogen bonded –OH shows a broad absorption band 
positioned at 3300–3600 cm−1 whereas free –OH band usually appears at 3600 cm−1 424,425. 
Thus the FTIR spectrum of the kC/EA hydrogel demonstrates that the hydroxyl groups of 
the ED 2003–PEGDGE are mostly hydrogen bonded; depicting the nature of a highly 
cross-linked structure. The obvious new peak of kC/EA hydrogel positioned at 1645 cm-
1 was attributed to the N-H stretching originated from the epoxy-amine reaction 425. To 
add on, the cross-linked network formation between ED 2003 and PEGDGE, shifts the 
CH2 stretching from 2885 cm-1 to 2865 cm-1, CH2 scissoring from 1466 cm-1 to 1453 cm-
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Prominent C-O-C stretching band around 1098 cm-1 (of Jeffamine ED 2003) was selected 
to study the fate of epoxy-amine network in kC/EA gel, when immersed in PBS, 37 oC.  
The intensity of transmittance peak at 1098 cm-1 decreased with immersion time (Figure 
6.10). This supports the evidence that ED 2003 polymer chains have dissociated and 
leached out from the kC/EA network, for a period of 21 days after immersion.  It is 
suggested that these polymer chains are the uncross-linked and weakly cross-linked 
polymers of the epoxy-amine network. The difference between the remaining mass 
fraction by mass loss and UV, is therefore attributed to the leaching of uncross-linked and 
weakly cross-linked polymers of the epoxy-amine network (see section 6.4). 
 
Figure 6.10: FTIR spectra of dried kC/EA hydrogels (a) before immersion (brown), after 7 (blue) 
and 21 days (green) of immersion in PBS at 37 
o
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6.6 L929 Cell Growth Inhibition Assay 
L929 cell growth inhibition assay was carried out for kC/EA extracts collected for 28 days 
(see chapter 2 for details). Cell growth inhibition (CGI) was calculated with respect to the 
negative control (EMEM media) and all the kC/EA extracts were found to be non-
cytotoxic during the test period (Figure 6.11 a). For example, after 21 days of immersion 
(t = 21) the cell growth inhibition values of  kC/EA hydrogels are 14.0 ± 8.2 %. The 
toxicity of the positive controls on L929 cell growth was clear, given the severe increase 
in cell growth inhibition (85 % for latex extract) compared to the negative control (< 
10%).   
 
Figure 6.11: Cell growth inhibition (%) of L929 fibroblasts in kC/EA hydrogel extracts when 
incubated in DPBS at 37 
o
C. Error bars represent one standard deviation calculated from three 
independent samples. Statistical analysis through a two-tailed Student’s t-test showed that data 
sets were statistically different (*p<0.001). 
 
At t=1, kC/EA hydrogel extracts showed a low value of CGI (0.3 ± 3.9 %), whereas the 
corresponding mass loss was 10.9 ± 1.8 % (equivalent to a kC concentration of 0.05 ± 
0.02 mg ml-1). The cell growth inhibition of kC/EA hydrogels was found to be 
proportional to the mass loss (days1-21), i.e. CGI values gradually increased with 
increasing mass loss (Figure 6.11 b). For example, during days 1-21, the CGI increased 
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day-1). The UV analysis and FT-IR showed that the chain release from kC and epoxy 
amine networks continues for a period of 21 days (see chapter 6.4 and 6.5). Therefore it 
is suggested that the increasing chain release of kC and epoxy amine have imposed a 
negative impact on L929 fibroblasts growth. 
Florescence imaging was conducted for L929 fibroblasts that were exposed to kC/EA 
extracts for 48 hours (see chapter 2). The images show that cells adhere, grow, and 
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Figure 6.12: Fluorescence micrographs of Calcein and PI stained L929 cells on (a) DPBS, kC/EA 
hydrogel leachates at (b) t=14 and (c) t=28, and latex extracts at (d) t=14 and (e) t=28. 
Metabolically active (live) cells are stained green with Calcein-AM and dead cells are stained red 
with PI. Scale bar represent 200µm. 
 
The images supports the results obtained from L929 cell viability assay. Low number of 
living cells and high number of dead cells were observed for latex extracts collected at 
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6.7 Conclusions 
The mass loss, swelling, chain release, mechanical characterization and cell growth 
inhibition of ionic-covalent entanglement hydrogel consist of ionically cross-linked kC 
and covalently cross-linked EA networks were investigated in physiological conditions 
(PBS and CaCl2 at 37 oC). During 42 days immersion, the mass loss and swelling of 
kC/EA gels immersed in PBS and CaCl2 increased steadily and stabilized after 7 and 21 
days, respectively. kC/EA gels in PBS showed higher mass loss, swelling and lower 
mechanical properties compared to kC/EA gels in CaCl2 during immersion. This 
difference was attributed to (1) ion exchange between Ca2+ associated with kC ionic cross-
links and the monovalent cations (Na+, K+) provided by the surrounding medium (PBS), 
and (2) the interchain complex formation and consequent enhancing of the network cross-
links of the kC/EA gels immersed in CaCl2.   
During 42 days immersion, mass loss was observed for kC/EA gels immersed in CaCl2 
for 7 and 21 days. Over the course of the swelling period kC/EA hydrogels in CaCl2 
exhibits lower mass loss (average value of 10.8 ± 3.7 % during days 7-42), compared to 
the corresponding value of 15.9 ± 1.5 % for the kC/EA hydrogels in PBS, during days 21-
42. The mass loss was attributed to the leaching of uncross-linked and weakly cross-
linked polymer chains from kC and EA networks. The maximum concentration of kC in 
PBS (0.25 ± 0.02 mg ml-1) was detected after 21 day immersion. Swelling of ICE gels 
followed the same trend with equilibrium values of 21.8 ± 1.2 and 12.3 ± 0.3 in PBS and 
CaCl2, respectively.  
The swollen kC/EA hydrogels show substantial decrease in mechanical properties 
compared to the gels before immersion. After 4 hours immersion, Stress at failure, tangent 
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for gels in PBS, whereas the values decreased 17.3, 2.9, and 24.9 times, respectively for 
gels in CaCl2. Similarly to the mass loss and swelling profile, the compressional 
mechanical characteristics of kC/EA gels stabilized after 7 and 21 days when immersed 
in CaCl2 and PBS.  The strain at failure of kC/EA gels remained approximately unchanged 
during 42 days immersion.  
The kC/EA ionic-covalent entanglement (ICE) gels showed mechanical effects differs 
from GG/PAAm and double network gels (see chapter 4), i.e. the load bearing 
characteristics of the as prepared ICE gels are not adversely affected by the imposed 
testing regime. The ability to dissipate energy upon cyclic testing of kC/EA decreases 
with increasing immersion times and stabilized after 7 and 21 days when immersed in 
CaCl2 and PBS. The mechanical characteristics of kC/EA gels in hydrolytic hydrogels 
shows that they are potential candidates for cell encapsulating scaffolds. 
The kC/EA leachates were found to be non-cytotoxic for the L929 growth during the 
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CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 General conclusions 
The work reported in this thesis successfully explored the long-term physiochemical 
behaviour of swollen single network and ionic-covalent entanglement (ICE) hydrogels. 
Single network hydrogels consisted of polysaccharides (gellan gum and k-carrageenan) 
and ICE hydrogels consisted of polysaccharide/synthetic polymer (GG/PAAm and 
kC/EA) were investigated. The long-term physiochemical behaviour of a blend hydrogel 
consisted of low acyl-gellan gum (LAGG) and high-acyl gellan gum (HAGG) was also 
studied.  
All the gel systems were prepared using simultaneous synthesis approach and showed 
mechanical characteristics of slow or non-degrading gels. For example, GG gels (LAGG, 
HAGG and LAGG/ HAGG blend) exhibited mass loss for 28 days and then remained 
stable for 140 days (remainder of the study), whereas GG/PAAm and kC/EA stabilized 
their mass losses in 7 and 21 days, respectively. The behaviour of gels reported in this 
thesis finely display the inversely proportional relationship between swelling/diffusional 
capabilities and mechanical properties of swollen hydrogels. An overview of the 
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Figure 7.1: Overview of the mass swelling verses compressive strain energy to failure of 
hydrogels immersed in PBS at 37 
o
C. Diamonds, squares and triangles are stands for GG, GG/ 
PAAm and kC/EA hydrogels, respectively. Red and green colour symbols stands for respective 
gels immersed in lysozyme and trypsin, respectively.  
 
The mechanical properties are directly proportional to mass swelling, i.e. the moduli and 
strengths of compression and moduli of compression cyclic testing decreased with 
increasing swelling and remained relatively constant at equilibrium swelling. The two 
swollen ionic-covalent entanglement network hydrogels (kC/EA and GG/PAAm) showed 
dissimilar mechanical characteristics. For example, soon after preparation the mechanical 
properties (i.e. stress at failure and strain energy to failure) of kC/EA gels reclined in the 
MPa range (3.0-3.5 MPa), whereas GG/PAAm lied on the kPa range (220-180 kPa). Upon 
swelling (PBS at 37 oC), the mechanical characteristics of kC/EA hydrogels decreased 
significantly (50-200 kPa), whereas GG/PAAm gels remained comparatively unaffected 
(150-200 kPa).  
10
1000
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In comparison to single network gels (GG and kC) corresponding ICE hydrogels 
(GG/PAAm and kC/EA) showed mechanical reinforcement. For example, before 
immersion kC/EA and GG/PAAm showed compressive strain energy to failure of 1447 ± 
296 kJ m-3, 48 ± 10 kJ m-3, respectively, whereas kC and GG showed strain energy to 
failure of 14 ± 4 kJ m-3, 17 ± 0.4 kJ m-3, respectively.  
The tangent moduli of the loading and unloading cycles of GG/PAAm gels decreased 
upon cyclic loading, which is characteristic to double network gels (Figure 7.2 a). In 
contrast, tangent moduli of the loading and unloading cycles of kC/EA gels remained 
approximately constant along the cyclic test regime. The swollen (after 28 days 
immersion) single network and ICE gels (GG and kC/EA) retained their relative 
characteristics (Figure 7.1 and Figure 7.2 b).  
 
Figure 7.2: The relative ratio of Et of each run cycle to the first cycle at 15-25 % strain [Et (t,n)/Et 
(t,1)] of loading cycles of GG (diamonds), GG/PAAm (squares) and kC/EA gels (triangles) (a) 
before and (b) after immersion for 28 days. Blue, red and green symbols are for gels immersed in 
PBS, Lysozyme and Trypsin, respectively.  
 
Conventionally produced hydrogels exhibit high swelling ratios up to 100 426. A recent 
study on alginate/PAAm ICE hydrogels have reported decrease from 40 – 100 to 12 – 24 
with increasing alginate concentration 427. The swelling ratios of ICE gels reported in this 
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GG/PAAm gels displayed high resistance to enzymatic hydrolysis (lysozyme and trypsin 
at 37 oC). For example, in enzymatic conditions (lysozyme and trypsin) compressive 
mechanical characteristics (Figure 7.1) and cyclic loading ability (Figure 7.2 b) of swollen 
GG/PAAm gels remained in a close proximity to GG/PAAm gels swollen in PBS. 
Furthermore, GG/PAAm gels immersed in enzymes showed lower diffusion or mass loss 
compared to GG gels immersed in PBS, showcasing the high cross-linking density of 
GG/PAAm (Table 7.1). kC/EA gels showed the highest degradation compared to other 
gel systems. For example, the diffusion of uncross-linked and weakly cross-linked 
polymers from the gel matrix followed the order of GG PBS < GG/PAAm PBS < GG/PAAm 
Lysozyme < GG/PAAm Trypsin < GG Trypsin < GG Lysozyme < kC/EA PBS (Table 7.1).  
Table 7.1: Diffusion-coefficients calculated based on mass loss data, for GG, GG/PAAm and 
kC/EA gels when immersed in PBS, lysozyme and trypsin at 37 ºC 
Sample PBS (x 10-13) Lysozyme (x 10-13) Trypsin(x 10-13) 
GG 1.1 ± 0.4 2.5 ± 0.5 2.3 ± 0.8 
GG/PAAm 1.3 ± 0.2 1.5 ± 0.6 2.2 ± 0.7 
kC/EA 3.0 ± 0.5 - - 
 
LAGG, HAGG, GG/PAAm and kC/EA leachates are non-cytotoxic for the growth of 
L929 fibroblasts during the testing period (28 days). The leachates of GG/PAAm were 
non-cytotoxic for PC12 growth (28 days) and direct contact of LAGG, HAGG and 
GG/PAAm gels are non-cytotoxic for L929 fibroblasts growth for 24 hours.  
The swollen LAGG, HAGG, LAGG/HAGG blend and GG/PAAm ICE hydrogels 
reported in this work are proposed as future soft tissue implant materials which require 
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2 and 3), such as tissue engineering of cartilage and surgical repair of anatomical defects 
for hernia, urological, gynaecological, and, cardio-thoracic applications 149,150,153. The 
kC/EA ICE hydrogel reported in this work is proposed as a scaffold hydrogel material 
requiring higher initial mechanical strength in the MPa range, load tolerance and 
comparatively rapid scaffold degradation times (weeks-months) (Aim 2). For example, 
cell encapsulation applications (cartilage), wound healing scaffolds for superficial 
wounds 428 and scaffolds for chronic wounds such as diabetic and pressure ulcers 429, 
which require approximate 25 days and 8 weeks, respectively to form new tissues. 
The compressive modulus of cartilage ranges from 0.008-2 MPa and varies by the depth 
in the tissue and location of the joint 430,431. For example, the compressive modulus of 
human fibrous cartilage and human knee articular cartilage ranges from 70-700 kPa 432, 
and 500-600 kPa respectively 433. Therefore, a hydrogel with high mechanical strength is 
attractive in in situ placement for articular cartilage tissue engineering which require large 
stresses 347. Single network and IPN hydrogels of synthetic materials including 
poly(ethylene oxide), poly(vinyl alcohol), poly(acrylic acid), poly(lactide-co-glycolide), 
and polypeptides and, naturally derived polymers including agarose, alginate, chitosan, 
collagen, fibrin, gelatin, and hyaluronic acid have been studied for cartilage tissue 
engineering 125. For example, high-moduli biodegradable polyethylene glycol gels 
encapsulated with chondrocytes have reported initial compressive moduli of ~900 kPa, 
which is in the range of native cartilage 434. Similarly, the high modulus, load tolerant 
ICE gels (GG/PAAm and kC/EA) provides a better candidate for cartilage tissue 
engineering.  
Understanding the physical and mechanical behaviour of swollen gels aimed to be used 
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in vivo environment. This thesis contributes to the understanding of physical, mechanical 
properties and cytotoxity of fully swollen hydrogels (single network and interpenetrating 
hydrogels) consist of natural polysaccharides and synthetic polymers, in physiological 
conditions, which is an important step towards the future application of these hydrogels 
in soft tissue engineering. 
 
7.2 Future recommendations 
If a material degrades prior to transferring mechanical load to the newly forming tissue, 
the implantation would fail 147 and on the other hand scar tissue occurs if the degradation 
is too slow 14,58. Therefore optimizing the scaffold degradation rates targeting the 
application is of utmost importance. Tuning the degradation rate can be achieved in a 
minimal invasive manner (without addition of new polymers/ monomers and new cross-
linkers) by varying the ratios between existing materials. Further degradation studies with 
varying ratios between polymers or/and cross-linkers of swollen ICE gels (GG/PAAm 
and kC/EA) are suggested for future studies. Moreover, prolonged study (increased 
immersion times) will support the understanding of the full degradation curves of these 
developed materials.  
Degradation of a tissue engineering hydrogel scaffold results in disintegration, material 
dissolution followed by resorption of degraded products into the surrounding tissues 148. 
Therefore further studies on degradation products at each stage of degradation and their 
kinetics, are required for the blend and ICE hydrogels. Despite the bulk analysis (mass 
loss, swelling, mechanical characterization), surface analysis of scaffold is equally 
important since cells from the host environment first react to the surface of the implanted 
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infrared spectroscopy, X-ray photoelectron spectroscopy and contact angle 
measurements.  
Many biomaterials are known to undergo autocatalysis 85,135,435 (acceleration of 
degradation upon release and accumulation of degradation products) and since the 
hydrogel systems discussed in this thesis consist of natural polysaccharides it is most 
important to study this phenomenon on stepping forward.  
Discrepancies between in vivo and in vitro performances have reported of materials 
proposed for tissue engineering 151. For example, porous hydrogels are known to degrade 
faster in vitro, whereas non-porous hydrogels degrade in a faster rate in vivo 69,165,436-438. 
The differences have assigned to degradation mechanisms, i.e. dominance of hydrolytic 
degradation in vitro and dominance of enzymatic degradation in vivo 151. Therefore the 
study conducted in this thesis should extend to the next level with in vivo implantation 
and further investigation on porosity and scaffold structure. This thesis demonstrated the 
cell inhibition assays of ICE hydrogel leachates targeting tissue engineering of 
biomedical scaffolds. As the next step, this cell studies are proposed to be extended to the 
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Figure. 9.1:  (a) Mass loss (%) and (b) mass swelling ratio (q) PAAm hydrogels incubated in PBS 
at 37 0C for 42 days. Error bars represent one standard deviation (n =3). Mass loss (%) and mass 




Table 9.1: Compression results of PAAm hydrogels incubated in PBS at 37 
o
C. The tangent 
modulus (Et, calculated using the slope of a linear fit of the stress-strain plot at 15-25% strain), 
stress-at-failure (σf), strain-at-failure (εf) and strain energy to failure (U) are shown as a function 
of hydrogel type and time. The naming convention for the sample name is “hydrogel type-days 













U ( kJ m-3) 
 
PAAm - 0 
 
27 ± 2 
 
77 ± 4.3 
 
1.7 ± 0.02 
 
10 ± 0.1 
PAAm - 1 25 ± 2 74 ± 3 1.6 ± 0.1 9 ± 0.3 
PAAm - 3 21 ± 2 72 ± 10 1.7 ± 0.04 7 ± 0.6 
PAAm - 7 15 ± 0.3 77 ± 3 1.3 ± 0.008 6 ± 0.3 
PAAm - 14 14 ± 0.2 78 ± 2 1.3 ± 0.08 6 ± 0.6 
PAAm - 21 15 ± 0.2 77 ± 1 1.4 ± 0.2 6 ± 0.6 










Figure 9.2: The Et of PAAm hydrogels, calculated for the cyclic testing regime before immersion 





Figure. 9.3: (a) Mass loss (%) and (b) mass swelling ratio (q) of GG hydrogels immersed in PBS 
(diamonds), lysozyme (squares) and trypsin (triangles) at 37 0C for 42 days. Error bars represent 
one standard deviation (n =3). Mass loss (%) and mass swelling ratio calculated using equations 




Figure 9.4: Remaining mass fraction of GG and calculated using mass loss as a function of 
immersion time (up to 28 days) in PBS (blue line), lysozyme (red line) and trypsin (green line) at 







Table 9.3: Mass swelling ratios (q) of GG gels immersed in lysozyme and trypsin after 4 hours, 




Table 9.2: Et of PAAm hydrogels, calculated for the cyclic testing regime (load and unload) 
before immersion.  
 
 
Et (load) Et (unload) 
Cycle No.  
(kPa) (kPa) 
1 1.6 ± 0.1 1.9 ± 0.3 
2 1.7 ± 0.04 1.7 ± 0.6 
3 1.3 ± 0.8 1.6 ± 0.3 
4 1.3 ± 0.08 1.6 ± 0.6 
5 1.4 ± 0.2 1.6 ± 0.6 
6 1.6 ± 0.1 1.9 ± 0.3 
7 1.3 ± 0.07 1.6 ± 0.3 
8 1.3 ± 0.08 1.6 ± 0.6 
9 1.4 ± 0.2 1.6 ± 0.6 
10 1.6 ± 0.1 1.9 ± 0.3 
11 1.3 ± 0.1 1.6 ± 0.3 
12 1.3 ± 0.08 1.6 ± 0.6 
13 1.3 ± 0.4 1.6 ± 0.3 
14 1.3 ± 0.08 1.6 ± 0.6 
15 1.4 ± 0.2 1.6 ± 0.6 
16 1.6 ± 0.1 1.9 ± 0.3 
17 1.3 ± 0.6 1.6 ± 0.3 
18 1.3 ± 0.08 1.6 ± 0.6 
19 1.4 ± 0.2 1.6 ± 0.6 







Table 9.4: Et of GG hydrogels, calculated for the cyclic testing regime (load and unload) before 
immersion and after immersion in lysozyme for 28 days.  
 
 Before immersion After immersion 
Cycle number Et (load) Et (unload) Et (load) Et (unload) 
  (kPa) (kPa) (kPa) (kPa) 
1 
815 1019 677 905 
2 
347 618 340 540 
3 
288 552 277 492 
4 
260 434 212 501 
5 
208 426 199 468 
6 
198 395 152 434 
7 
234 380 182 345 
8 
174 286 169 319 
9 
165 312 148 326 
10 
130 316 145 361 
11 
127 312 147 347 
12 
132 306 143 281 
13 
119 276 133 269 
14 
121 280 107 256 
15 
105 279 104 276 
16 
95 272 101 293 
17 
99 212 102 241 
18 
89 244 102 234 
19 
92 255 83 245 
20 








Table 9.5: Et (load) of GG/PAAm hydrogels, calculated for the cyclic testing regime before 
immersion and after immersion for 28 days in lysozyme (L) and trypsin (T). The naming 
convention for the sample name is “cycle number-immersion state”. For example, 1-B indicates 












815 ± 50 
 
818 ± 127 
2-B 347 ± 45 336 ± 45 
20-B 79 ± 23 82 ± 31 
   
1-A 604 ± 45 677 ± 102 
2-A 284 ± 67 340 ± 92 
20-A 51 ± 98 118 ± 37 
 
KC SINGLE NETWORK HYDROGEL DATA 
 
Table 9.2: Comparison of compression results of kC hydrogels incubated in CaCl2 at 37oC. The 
tangent modulus (Et, calculated using the slope of a linear fit of the stress-strain plot at 15-25% 
strain), stress-at-failure (σf), strain-at-failure (εf) and strain energy to failure (U) are shown as a 
function of hydrogel type and time. The naming convention for the sample name is “hydrogel 
type/surrounding medium-days” incubated. For example kC/ C-42 d indicate kC hydrogel 













          
kC/ C-0 d 54 ± 10 65 ± 3 40 ± 10 17.8 ± 4.6 
kC/ C-1 d 53 ±  5 64 ± 3 60 ± 14 15.2 ± 0.8 
kC/ C-3 d 53 ± 9 66 ± 3 40 ± 14 16.7 ± 2.2 
kC/ C-7 d 48 ± 3 72 ± 0.4 31 ±2 16.3 ± 0.9  
kC/ C-14 d 47 ± 5 89 ± 16 30 ± 14 20.8 ± 6.3 
kC/ C-21 d 45 ± 0.7 73 ± 0.9 25 ± 7 16.8 ± 0.4  
kC/ C-28 d 45 ± 1 72 ± 0.6 25 ± 7 16.4 ± 0.36 
kC/ C-35 d 44 ± 1 73 ± 0.5 30 ± 14 17.2 ± 0.4 
kC/ C-42 d 
 
42 ± 0.5 
 
72 ± 0.2 
 
31 ± 1 
 







Table 5.3: Et, calculated for the cyclic testing regime (load and unload) before immersion of kC 
single network hydrogels tested in PBS (37oC). 
 
 kC in PBS 
Cycle Et (load) Et (unload) 
 (kPa) (kPa) 
1 93 110 
2 52 86 
3 45 84 
4 37 77 
5 39 75 
6 36 69 
7 28 67 
8 32 59 
9 31 66 
10 29 52 
11 30 57 
12 30 55 
13 28 52 
14 23 45 
15 29 52 
16 22 52 
17 21 51 
18 22 49 
19 23 51 
20 30 50 
 
 
 
12 
